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PKEFACE TO SECOND EDITION. 


In this edition, which was required at an earlier date than the 
author anticipated, the introductory section dealing with special 
steels has been rewritten and enlarged. A considerable number of 
new facts have been included in the chapters on chromium steels and 
high-speed steels. 

There is an additional chapter dealing with some of the more 
important methods of making hardness tests, and the relationship 
between these are discussed. The connection between Brinell 
hardness and other physical properties are also dealt with. 

In another ney chapter the influence of constitution on electrical 
resistivity is discussed with special reference to iron and steel. 

0. A. EDWAEDS. 

Manghkstii.b, March^ 19^0^ 
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PKEFACK. 


The object of the prcRciit book has lHH*n ^n'vo a caanprfhiiiHivp 
account of the chemical and structural couHiittifion t»t‘ sii'i'b; tn 
describe the internal chanthat occur wlH‘n hIopIs an* h«*a!fd nnij 
cooled under varying conditions, and to imlicati^ tlic i'lthcfs uf iIpihi* 
changes upon the properties of the matt‘rialH, ('onHidi*niblp filiiittiuii 
has been given to the thermal an<l structural traimhiriuatiniih «*f tin* 
iron-carbon system, because they arc the fundamental rliuniuii^. nf 
all steels. This has been treated in the manner wliirh m 
generally adopted for metallic alloys—namtdy, from the |ifisni uf 
view of the equilibrium diagram—and the Hubjc*ct in develojit*i! lijM.n 
this foundation. An effort has been made to gathtu’ all the im¬ 
portant facts dealing with the metallography <}! nteel ami prcHeiit 
them in a condensed form. Henc(^, although it in not a large viiluiiie, 
the author ventures to liope that it will, on that arrmuit, bi* iinire 
appreciated by students of Mi^.tallurgy and Engineering. The fart 
that very complete references are givtm to all the early and im¬ 
portant recent literature should make th(‘ prestmi treatise tiHrful 
even to those who have specialised in this branch of Metalhugy. 

The author very gratefully aeknowh^lgcs the valualdi^ hrip he 
has obtained from the many publications by PiHjfeNHor Arnohf Sir 
Robert Hadtield, Mon. F. Osmond, Dr. Stt‘ad and others, to wlmiii 
Metallurgists and Metallurgical Engineers owe so much. They 
placed the study of steel upon a soxmd scientific banis iinil il.uiem. 
strated how the knowledge tlms acciuired can be inlvaiitageumdy 
applied in the workshops. 

The author would like to express his thanks to Mr J. If. 1\ 
Tudsbery, Secretary of the Institution of Civil Engineera; to Mr. 
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Edgar Worthington, Secretary of the Institution of Mechani 
Engineers; Mr. G. Shaw-Scott, Secretary of the Institute of Meta 
and especially to Mr. G. C. Lloyd, Secretary of the Iron and St 
Institute, for their ready permission to make extracts and use ma 
illustrations from the Proceedings of the respective Societies. 

CHARLES A. EDWARDS 


Manchester, March^ 191S, 


CONTENTS. 


CHAPTER I. 

CONSTITUTION OF METALLIC SYSTEMS. 

Allotropy—Effect of Impurities on Allotropic Transformations—Phase Rule- 
Constituents in Metallic Alloys—Thermal Critical Points and Ranges— 
Freezing Point Curves—Equilibrium Diagrams of Binary and Ternary 
Systems,. 


CHAPTER 11. 

STRUCTURE OF METALS. 

Structural Components : Crystals—Preparation of Microsections—Amorphous 
Phase at Crystal Boundaries—Twin Crystals formed on Annealing—Twin 
Crystals produced by Mechanical Strain—Slip Bands, .... 

CHAPTER III. 

IRON. 

Rccalescence—Critical Points in Iron—Alpha, Beta, and Gamma Iron— 
Magnetic and Electrical Properties—Specific Heats—Structure—Re¬ 
crystallisation—Strength at Varying Temperatures, .... 

CHAPTER IV. 

CONSTITUTION OF THE IRON-CARBON SYSTEM. 

Equilibrium Diagrams—Carbide of Iron—Critical Points and'Raiiges—Solidi¬ 
fication and Changes on Cooling,.. 

CHAPTER V. 

MICRO-STRUCTURE OF IRON-CARBON STEELS. 

Constitution of Annealed Steels—Ferrite, Cementite, Pearlite, and Sorbitic 
Pearlite—Quenched Steels—Austenite, Martensite, and Troostite—Effect 
of Quenching on Critical Points—Crystal Twinning Produced by Quench¬ 
ing—Relative Hardness of Constituents in Steel, ..... 





contents. 


s 


CHAPTER VI. 


SOLIDIFICATION OF STEEL INGOTS. 


Freezing of Simple Liquids—Segregation -Blowholes—Position of Pipe and 
Blowholes in Steel Ingots—Blowhole Segregation-Fluid Compression. . 


PAGES 

79-94 


CHAPTER VII. 
lEON-OARBON STEELS. 

Mechanical Properties of Annealed and Rolled Bars— Effect of Ileat-trcat- 
ment—Mechanical Properties of the Different Types of I'earlito- Chemical 
Composition and Tensile Strength. ....••■• 


CHAPTER VIII. 


PHOSPHORUS. 


Iron-Phosphorus Compounds—Equilibrium Diagram -Carbon and Solubility 
of Phosphorus,. 


104-109 


CHAPTER IX. 

SULPHUR. 

Red-Shortness—Manganese Sulphide—Ferrous Sulphide—Sulphur Prints— 

Ferrous and Manganese Sulphide Diagram, ...... 110-116 

CHAPTER X. 

BURFriNG- AND OVERHEATINa OP STEEL. 

Definitions of—Crystal Growth at High Temperatures—Efi'ect of Overheating 
and Burning on the Properties of Steel—Refining of Overheated and 
Burned Steel—Annealing of Steel Castings, . ..117-124 

CHAPTER XL 

DEFORMATION AND STRAIN-HARDENING OF METALS. 

Plastic Deformation—Theory of Hardening by Cold Work—Amorphous 
Phase in Metals—Rapid llecrystallisation of Iron and Mild Steel after 
Deformation,.. * 125-139 


CHAPTER Xll. 

THE PROPERTIES OF COLD-DRAWN WIRE AND THE EFFECT 
OP ACID CLEANING. 

Carbon and the Amount of Cold Work Steel can Support without Breaking- 
Volume and Hardness — Ann-aling Temperature—Galvanising-Aeid , 
Cleaning—Effect of Hydrpgen, . ;.1.34-140 






CHAPTER XIII. 


CEMENTATION AND CASE-HARDENING. pages 

Carburising—Refining—Hardening—Use of Nickel, . • • . > . 141-144 

CHAPTER XIV. 

METHODS OF TESTING HARDNESS. 

Brinell Test—Ludwik Test—Influence of Load—Influence of Time—Dynamic 
Indentation Test—^Dynamic Indentation and Elastic Rebound—Ultimate 
Stress and Brinell Hardness—^^lolecular Attraction and Hardness, . . 145-163 

, CHAPTER XV. . 

THEORIES OF HARDENING BY QUENCHING. 

Action of Quenching—Lowering of Carbide Change—Suppression of Carbide 
Change—Allotropic Theory—Pineness of Structure—Amorphous Phase— 

Crystal Twinning “Interstrain, . . . . . . • .164-178 


CHAPTER XVI. 

SPECIAL STEELS. 

Object of Using Special Elements in Steel—Influence.of InitiaLTemperature 
and Rate of Cooling—Special Elements and Depth of Penetration of Quench- 
—^Nickel—Iron Alloys—^Nickel-Iron-Carbon Alloys—Their Critical Points 
and Properties, . ... 


CHAPTER XVII. 


TUNGSTEN-CARBON STEELS. 


Effect of Tungsten upon the Critical Points of Steel—Influence of Initial Tem¬ 
perature—Con stitu tion,. 


209-212 


CHAPTER XVIIL 


HIGH-SPEED TOOL STEELS. 


Development and Use of High-Speed Steels—Composition and Cutting Pro¬ 
perties of Different Types of Tool Steel—Hardening—Secondary Hardening 
_Influence of Chromium and Tungsten—Cooling Curves—^Theories—Micro¬ 


structures, 


. 213-226 


CHAPTER XIX. 


MANGANESE. 


Chemical Constitution of Manganese Steels—Critical Points—Mechanical Pro¬ 
perties., f t ' 


227-233 






CONTENTS. 


xn 


CHAPTER XX. 

CHROMIUM. 

PAGE’ 

Chemical Constitution of Chromium Steels—Cooling Curves—Critical Cooling 
Rates—Influence of Composition on Critical Cooling Rates—Mechanical 
Properties, 234-24f 


CHAPTER XXI. 

Aluminium, Silicon, and Vanadium Steels;. 246-251 

CHAPTER XXIT. 

Structural Constitution of Special Ternary Steels, 263-258 

CHAPTER XXIII. 

ELEOTRICAIi CONDUCTIVITY AND CONSTITUTION. 

.Influence of Constitution of Alloys upon Electrical Conductivity—Electrical 
Resistance of Iron—E fleet of Elevated Temperatures on Resistivity of Iron 
—^Eormula for Calculating the Resistance of Steel from its Chemical Com¬ 


position—Quenching Temperature and Resistance of Carbon Steels, . . 259-27 

Index to Authors Cited, . .. 275-27 

Index to Subjects, . 279-28 







THE PHYSICO-CHEMICAL PROPERTIES 
OF STEEL. 


CHAPTER I. 

CONSTITUTION OF METALLIC SYSTEMS. 

Allotropy 4 —It is well known that the properties of matter are to a very 
large extent governed by temperature, and that, within certain limits, 
changes in temperature involve changes in the general properties of both 
simple and compound substances, and in many cases may cause an actual 
alteration in the physical state. The liquefaction of a solid or the gasification 
of a liquid, which are accompanied by pronounced changes in the properties 
of the substance, are examples of this. In addition to these changes it also 
frequently happens that both in metallic and non-metaUic elements and 
compounds totally difierent chemical, physical, and mechanical properties 
are assumed, without any change of state or chemical composition, at a certain 
well-defined temperature. When such transformations occur in a substance 
they are described as due to allotropy, and the temperature at which the 
change occurs is referred to as the critical point. On passing through that 
temperature the mass is said to undergo an allotropic transformation, and 
the less common variety is termed the allotropic modification or the allotrope 
of the substance or element concerned. Allotropic changes are brought 
about by some unknown and so far indeterminable internal atomic or mole¬ 
cular re-arrangement of the mass which is accompanied by a change in the 
crystallographic habit of the element. 

An allotropic transformation is almost invariably accompanied by a 
thermal disturbance, which takes the form of an absorption of heat if the 
change occurs whilst the temperature of the specimen is being raised, and 
of an evolution of heat if it occurs whilst the temperature of the specimen 
is being cooled. 

In this respect the thermal characteristics of allotropic changes are 
exactly analogous to the absorption of heat which occurs when a body passes 
from the solid to the liquid, and from the liquid to the gaseous state, and the 
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evolution of heat which takes place when these changes occur in the reverse 

direction. . . ... 

The discontinuities in the thermal properties of an element can ho reacluj 
detected hv making careful observations of the manner in which the element 
absorbs or emits heat on being heated or cooled. If a thermal transformation 
of this kind be known to occur in an absolutely pure element, it is generally 
considered that at that particular temperature the element passes from one 
allotropic state into another. As a rule, however, at the same temperature 
as the thermal change, a similar discontinuity is evident in many properties 
of the substance. A rather doubtful factor in this connection, and one which 
it is often difficult to determine, is the effect of small quantities of impurities. 
Exceedingly small traces of impurities might have the effect of producing 
many of the characteristic features of an allotropic change in an element 
which, when really pure, would give no such phenomena. In view of tins, 
it is important to remember that in some cases changes whicli are now 
regarded as being due to allotropy may ultimately be found to be cau.Ht»d 
by the presence of a small quantity of another element. This uncc^rtainty 
makes it necessary to be somewhat cautious in irsing the term allt>tnjpy, 
but if a definite critical point is observed in an element whic*h ha.s been 
obtained in the purest possible condition, that critical point may be regarded 
as being caused by an allotropic change, though future investigation might 
render such a view untenable. 

The effect of impurities or added elements upon the temperature at wluf*h 
an actual allotropic change occurs is similar to the effect of salts upon the 
freezing point of water—^.e., if the foreign elements are soluble tliey may 
raise or lower the temperature at which the change would normally take 
place. The temperature of the change is lowered by the addition of an 
element more soluble in the modification that is stable at the higher than 
in the one that exists at the lower temperatures ; the effect is in the revt^rse 
direction if the added element be more soluble in the modification tliat 
persists at the lower temperatures. Examples of all those phenomenal 
changes are encountered in the domain of the practical preparation and 
manufacture of metallic alloys, and each type is found in steels. Kince, 
therefore, the properties of elements may undergo such remarkably sudden 
transformations at certain critical temperatures, and as the presence of 
foreign elements may have a very marked effect upon the temperatures 
at which such changes occur, it will be seen how important it is to kn(w 
the temperature of each change in elementary bodies, and the exact influence 
accidental impurities as well as intentional additions have upon those critical 
points. The necessity of experimental data and research along these lines 
becomes the more evident when it is remembered that even compound 
bodies that are perfectly homogeneous at one temperature may bo deconi- 
posed into a heterogeneous mass of two or more constituents which possess 
totally different properties. 

The physico-chemical law known as the “Phase Kule’’ has proved 
exceedingly useful in the study of metallic alloys. Whilst it is unnecessary 
to give a detailed description of this law, it is now so widely used and so 
frequently introduced into the discussions on the constitution of steel, that 
some knowledge of its application is now almost indispensable to students 
of this interesting subject. Shorn of many of its more theoretical details, 
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the phase rule is really simple, and may indeed be regarded as a common- 
sense law so far as metalhc systems are concerned. The essential features 
of this law will be described later, because they will be more fully appreciated 
after discussing the various constituents which may exist in alloys, and the 
methods of graphically illustrating the ranges of temperature and composi¬ 
tion over which they may exist. 

Constituents in lUetallic Alloys. —The constituents which are 
known to be capable of existing in metallic alloys are :— 

1. An alloy may consist of an intimate mixture of its constituents dis¬ 
tributed throughout the mass in a perfectly pure condition. 

2. The elements contained in an alloy may be capable of existing in 
different allotropic modifications. 

3. Two or more of the elements in an alloy may be mutually soluble in 
each other, even when they ar€^ in the solid state, in which case they give 
rise to what is known as crystalline soHd solutions. A solid solution is a 
homogeneous mixture of two or more substances in the solid condition. 
Metallic solid solutions.are solid isomorphous mixtures. 

4. Intermetallic compounds are often present in alloys, and may be 
formed by the combination of two metals, or by the union of a metal with 
a non-metallic element, such as carbon and sulphur, etc. 

5. Eutectics, which are frequently described as constituents, are really 
intimate mixtures of two or more constituents which have crystallised from 
the liquid at the same time. During solidification the solid eutectic does 
not undergo any change in composition, and the composition of the liquid 
also remains the same during freezing. They possess the lowest melting 
point of any mixtures of their constituents. 

6. Eutectoids consist of two or more constituents which have been 
simultaneously deposited from a homogeneous solid solution of the same 
composition. They are similar to eutectics in structure, etc., but are formed 
whilst the mass is completely solid. 

Thermal Critical Points and Ranges^ —If the rate at which a 
cooling mass of any substance which undergoes no physico-chemical change 
be observed, it is found that the rate of cooling has a constant incremental 
variation. There is no sudden variation in the rate at which it parts with its 
heat. Hence, if temperature observations are taken per unit of time, and 
these are plotted as vertical ordinates, whilst the times are plotted as hori¬ 
zontal ordinates, a perfectly continuous curve of the kind shown in A, fig. 1, 
is obtained. Since the actual rate at which the mass loses its heat decreases 
as its temperature approaches that of the^ surrounding atmosphere, the 
curve which is obtained is parabolic, and not a straight one. 

When similar data are taken, and plotted in the same manner, for the 
cooling of a pure Hquid metal B, fig. 1, illustrates the type of curve which 
is obtained. In this case the fall of temperature is progressive, and the 
curve smooth so long as the metal remains in the liquid condition, but the 
moment the mass begins to solidify the coohng is arrested and the tem¬ 
perature remains constant until the whole of the metal has passed from the 
liquid to the solid state. Afterwards the temperature again begins to faU, 
and tends to attain the previous rate of cooHng. The solidification is, there¬ 
fore, represented on the curve by the line ah. The arrest in the cooling 
is caused by the crystals that are formed, giving out their latent heat of 
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fusion, wHdi under normal conditions is sufficient to counteract the 1 
of heat by radiation and conduction, etc. The process of crystallisat 
automatically maintains a constant temperature, until the last drop of liq 
is transformed into solid crystals. 

If the rate of cooling be abnormally rapid and the liquid be undisturb 
it is possible for the temperature of the mass to fall a few degrees bel 
the freezing point without the separation of any crystals. The term \vh 
is generally used to describe this land of supercooling is ‘‘ surfusion.” Sup 
cooling often leads to recalescence, v/hich is due to the sudden liberat. 
of heat, which causes the temperature of the mass to be raised. In met 
the possible extent of surfusion is limited to a few degrees, because of th 
high rate, and facility, of crystallisation from the liquid state. A. temperati 
is soon reached at which the liquid condition can no longer persist, anc 
relatively large quantity of the mass sopifies quite suddenly, with 1 



Fig. L 


result that sufficient heat is evolved to raise the temperature to that of 1 
normal freezing point. The curve which is obtained under these conditic 
IS shown in C, fig. 1, where the degree of surfusion is represented by 1 
hue ab, and the true freezing point by be. It ought perhaps to be mention 
at tfrs stage that m many cases sohd alloys can be supercooled to ma 
hundred degrees Centigrade below that at which it woidd normally under 
a transformation. Quite a different type of curve is obtained from the d£ 
which is taken for the majority of alloys. As a rule, the mixture rema- 
liquid at a lower temperature than one of its constituents, and frequem 
lower than both. Further, when solidification sets in, the fall of temperati 
IS not sudderfy arrested, but merely retarded at first (a) followed at a lov 
temperature by a complete arrest (be), curve D, fig. 1. 
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The lowering of the freezing point of a pure metal by the addition of 
another is due to what is known as the osmotic solution pressure. The 
temperature at which the molecules can become marshalled into a crystalline 
order is lowered by the pressure which is thus brought to bear. As will be 
noticed from the character of the cooling curve D, the solidification process 
is different from that of a pure metal. If the cooling curves of the whole 
series of alloys consisting of the two metals A and B be determined, they 
will clearly indicate that the temperature at which the liquid mixtures 
begin to freeze is governed by the amount of the added metal contained 
in them. Thus the initial freezing point of the pure metal A, fig. 2, is pro¬ 
gressively lowered by increasing additions of B, and a similar effect is pro¬ 



duced by adding A to B. By plotting these temperatures as vertical ordinates 
and the percentage composition as horizontal ordinates, a diagram is obtained 
which indicates the temperatures at which the various mixtiues begin to 
solidify. The lines a, h, c, fig. 2, thus obtained are known as the liquidus 
lines, and represent the temperatures just above which the alloys are per¬ 
fectly liquid. The solidus D 6 E is obtained by drawing a line through the 
temperatures at which the last trace of liquid is transformed into solid. 

In this way an equilibrium diagram is produced, which in this case repre¬ 
sents the various areas of temperature and composition within which the 
phases or constituents, liquid, A H- liquid, B liquid, and A + B may 
exist in a stable condition. 

If, therefore, we consider an alloy of the composition a?, fig. 2, it is obvious 
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that on cooling the liquid there will be a retardation in the rate of eoolin;- 
at the temperature oc', which is due to the acjiaration of a certiim number 
of crystals of the pure metal A. As a result of this sejiuration the relatno 
amount of the metal B left in the remaining liquid is increased, and it s 
point or the temperature at which it is capable of depositing a fart Ikt quant ity 
of crystals is consequently lowered. This process of selective separation 
of the metal A and enrichment of the residual liquid, in the relative amount 
of the metal B it contaiins, proceeds as the temiierature falls, until the tem 
perature of the line D 6E is reached. At this temperature the composition 
of the remaining liquid corresponds with the eutectic mi.’Cture h. and it 
solidifies at a constant temperature— i.e., crystals of A and B are ileposited 
alongside of each other. With mixtures that fall to the riglit of the eutectic 
point 6, the metal B is the first to separate from the liquid, but in all ciihcs 



Fig. 3. 


when the temperature D 6 B is reached the composition of the liquid corn* 
spends to the eutectic alloy b. 

In many cases of alloys the solid which separates from liipiid mi.'iiuii's 
is not one of the pure constituents, but a solid homogeneous solution ..f ih» 
fwo. Under these conditions the solid which is deposited and the remaimiu 
liquid are changing in composition during the whole jicriod of Kolidiiication. 
Kg. 3 represents the equilibrium diagram of a .s<>ries of this kind. Th« 
neepity for the solid crystals that arc first formed to chaiiire in compositmn 
durii^ the freezing period will, no doubt, be readily imderstoiai after con 
sidering the following factsIn the case of the three alloys, a and j”. 
they each begin to solidify at the respective temperatures z, and The 
solid crystals, which are then deposited, and which arc in true (siuilibrium 
with the liquids, correspond in composition witli the point.s //. if. y'l 'I’lieri* 
fore, diming the solidification period the liquid is constantly idianging in 
composition, and as any given liquid can have only one .set of crystals 
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in equilibrium with it, those which have been previously formed- from 
pre-existing liquids must adapt themselves as regards composition to the 
new conditions. Hence their composition is changed by a process of 
diffusion. 

Fig. 4 represents the diagram of a series, in which an intermetallic com- 
pound, Aa;B 2 /, is formed. This series need not be considered in detail, because 
it may be taken as representing a combination of the two types previously 
referred to. 

In addition to the changes that occur during solidification, many alloys 
are capable of undergoing marked transformations in structural constitution, 
which are accompanied by corresponding alterations in mec^nical properties, 
at certain well-defined critical temperatures, even when the mass is com¬ 
pletely sohd. These changes are perhaps the most important that metal¬ 



lurgists have to consider, because it is largely owing to their existence that 
the properties of alloys can be modified to suit so many requirements simply 
by subjecting them to judicious heat-treatment. 

Typical examples of transformations in the solid state are illustrated 
in figs. 5 and 6. In fig. 5 the pure metal A is represented as passing from one 
aUotropic condition /S into another a at the temperature a. 

The P variety is capable of holding a certain quantity of the added element 
B in solid solution, but no such solution is possible with the a variety. The 
area a, h, c indicates the stable range of the ^ solid solution, from which it 
will be seen that the extent of solution is largely governed by the tempera¬ 
ture. As the percentage of the element B is raised from d to h, it lowers the 
temperature at which the a modification is formed; this is shown by the 
sloping line a, b. It should be noted that the whole of the mass is not changed 
bodily into a at the temperatures a, b, but a process of selective separation 
takes place with falling temperature, which is similar to that previously 
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considered for the solidification of alloys. With mixtures containing more 
than h per cent, of B, the sohd solutions deposit the pure metal B at tem¬ 
peratures on the hne b, c. In aU cases when the temperature d, b, e is reached 
there is a certain amount of the eutectoid b present, which then transfornm 
bodily into crystals of a and B, in the same manner as liquid eutectics deposit 
crystals of their constituents. 

Erom what has been said above, the changes represented in the diagram, 
fig. 6, will be understood, the only differences being that in this series no 



allotropic change takes place, and that one of the constituents which crystal¬ 
lises from the solid solution is not a pure metal, but another kind of solid 
solution—viz., a, which is capable of dissolving increasing quantities of the 
metal X, as the temperature is lowered. 

Considering that most commercial alloys contain more than two elements 
it is of some practical importance to describe some of the changes which occur 
in ternary mixturek Accordingly, the following brief account is included :_ 




CONSTITUTION OF METALLIC SYSTEMS. 


Ternary Alloys* —Tlie simplest way of representing grapMcal 
ternary series of alloys is by means of an equilateral triangle. Each co 
of the triangle represents a pure metal The three sides of the trial 
fig. 7, correspond with the three binary mixtures A + B, B + C, and C H 
and any point inside the triangle indicates a certain alloy of the three me 
Erom any point on the vertical lines drawn from each base to meet 



corresponding corners, the percentage of each metal present can be m 
determined by measuring the distance from the point to the base: ‘the 
centage of the metal represented by the corners opposite is the dist 
so found expressed in percentages of the total height of the triangle, 
sequently the length of the lines drawn from any point in the triang 
meet the three sides at right angles is proportional to the percenta^ 
each metal represented by the corner towards which the line tends, anc 
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sum of the length of the lines so drawn is eipml in tin* «»l ili«' iihih.H.* 

For example, if it is desired to determine the innwiitw^A 4»l A. II, i m 
an alloy represented by the point fig. 7, the aimmiit td A pfi^ 

portional with the line a, e; B with the hue a, /. nnd f mifh Iju*- *. r . 
Alloys occurring upon lines drawn from the «drH t»f tlu* di4;,.Tiiiii i:;** 
corresponding apex, have two of the eomponentii rehitividy ruu:^i.mi wlaU^ 
the third varies. A line drawn parallel with one of tin* Hidr^ ul ih*- 
represents a series of alloys in which the prcentiige of oii«* of flir ijf.| 

is constant. The temperatures at which the ihpiid itlloy« h*viii t*. 'v. '’i tJi 
on cooling— i.e., the IhjiuiduH--are repn*sf*nted liy drawiio: 
identical freezing points, and thus obtaining iHotheriiiiil liiif''-* f«*r iIp* 
series. 

With the 4;riangular diagram it is only possible to iiiiliriiir >4 

composition. To represent temperature a new axin ih tiihrii |rt*r|w'ii4j* 'iLa 
to the pjane of the triangle. Thus when tein|»’rii!iire and * 
are considered together, it is nccesHary to liave a right trningiiLif piruj. 


A 



The upper or Hqmdus surface of such a figure „,..i 

the temperat^ at which the various alloys la-gin u> .i,-.,...,, i, ,,, 

much more di&cult to illustrate the solidus, and tin- Hirmiuml iuci ..ih.-r 
changes occurring below the solidus, for it is m.r..s.H«rv t., . .n ti... „ 
mto sections, each of which corresponds with a group’i,{ .... 

.... 

“ sectional model showing the eoir,!,t ,4 ,, 
hypothetical ternary system of the simplaHt Iv|k* in i.|n»wri m ti- h h, , 

case the three metals A. B, and 0 are rnut..ally soluhlAV'j',*. 
m the hqmd state, but insoluble when the alloys are just sob.i l-' „ t, 1 „ 
sptem gives rise to one eutectic-viz., A I- B e t.- B - B f . 
e', and G + A. eutectic e"~and from these rie , 1 . : / ' ' 

constitution through which these alloys pass on e.H.hn.. h L .1 
condition, down to temperatures belowVhieh the tenmn'em u ‘"1 i ! 
necessitates having the model in seven sections An '..im 1 ' 

more comprehensive method is to use for dillerent temjs.retur. 1 tmt':!-'! 
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wMcli are divided into areas showing the boundaries of the phases that are 
present at those temperatures. The constitution of a system like A, B, C, 
fig, 8, can then be indicated by means of the three diagrams, figs. 9, 10, and 
11. Following the process of freezing for the group of alloys which fall in 
tlie area Axyz, fig. 9, these mixtures on coolirg begin to solidify with the 
deposition of crystals of the pure metal A, and the composition of the mother 



A 


A 




liauor is thereby altered. The second period of soUdification depends u^n 
the particular side of Ay (fig. 10) that the original composition of the ahoy 
happens to place it. With aUoys to the right of the hne A y the composition 
of tL mother honor gradually approaches’a pomt on the hne y» when the 
binary eutectic « begins to separate: in the secondary period of freez^ 
of alloys on the left of the line Ay the binary eutectic x separates from the 
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liquid. In both cases the composition of the mother liquor nltimtttfly mrrtt-* 
spends to the ternary eutectic y, and then solidiiies at a constant tcm|HTiif 
with the simultaneous deposition of A, and C. Alloys which arc repre¬ 
sented by points upon the line deposit the pure metal A, and the ctmi|i4wi!itift 
of the liquid gradually changes until it reaches that of the ternary eutectic, 
without the intermediate separation of a binary eutectic. 

With three metals that are mutually insoluble in the solid state, th© 
changes that occur in the composition of the liquid can be traced throngfci 




bnigavii_ 

w’ 


ioLrffiTStl Comider an alloy correBpon,li„« with the 

KLhe7the oS T fi? '"ill H«li<iify wh«n 

e'" e' The sohd whirti tiio j^^pa^ature of the isothermal lina 

nf +T,J ® i 1 A separates from the liquid consists of (Tvstak 

of solidification proceeds with failiiiT 
p ure, an he mother liquor becomes progressively imiKA'crishui 
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in the metal A. giiice, however, during this stage, there is only one metal 
separating the relative amounts of the other two metals, B and C in the 
mother liquor remain unchanged, and its percentage composition alters 
from the point x along the line x, x\ fig. 13—^.c., along a line drawn from the 
corner A through the point x, to meet the binary eutectic line E E'". The 
actual composition of the mother liquor existing at any period can be readily 
determined, by drawing a line parallel with the base of the model from the 
desired point on the vertical temperature ordinates, say T' to meet the line 
drawn from the point A through the point T. The composition of the mother 
liquor from alloy x when at the temperature of T' corresponds with the point 
p. When the temperature T" is reached, the mother liquor then corresponds 
with the point p', fig. 12, or x' in fig. 13. At this juncture the pure metal 
A ceases to separate alone, but crystallises simultaneously with some of the 
pure metal C, in the form of a binary eutectic, and the composition of the 
mother liquor then changes along the line x' E, fig. 13. During this period 
the composition of the liquid at any temperature can be ascertained by 
projecting a line parallel to the base of the model from the required tem¬ 
perature ordinate to meet the line x' E. The point of intersection indicates 
the composition of the liquid existing at that temperature. Finally, the 
liquid reaches the composition of the ternary eutectic E, when it undergoes 
no further change of composition, and the temperature remains constant 
until the whole'of the alloy has solidified: at this stage the three metals 
A, B, and C are deposited at the same time. 

In the case of ternary systems in which the metals are partially soluble 
in each other in the solid state, the conditions are much more complex than 
those just considered, and it becomes more difiicult, if not impossible, to 
determine a priori the changes which occur during the solidification period; 
for not only does the concentration of the liquid alter, but the composition 
of the solid phase or phases may be changing at the same time. 

In fig. 14 is shown a projection of a ternary system in which the metals ‘ 
are partially soluble in the solid state; the constitution of the system when 
just solid is indicated in fig. 15. The liquidi of the three binary systems are 
represented by the lines A E B, B E' C, and C E" A, and their respective 
solidi by the lines A S E Si B, B Sg Ei S3 C, and C S4 E" S5 A. An alloy 
X of the binary system A + B on cooling to the temperature x' begins to 
freeze with the separation of crystals of a solid solution x'\ With further 
cooling the composition of the liquid alters along the line x' x"\ and at the 
same time the composition of the solid crystals changes along the line x" x"" 
as a result of the fall in temperature and the changes which occur in the 
liquid phase. When the temperature of the line cc'" a;"" is reached the whole 
of the alloy is just solid and the composition of the last trace of liquid corre¬ 
sponds with the point a?'". The difficulty of tracing quantitatively the 
changes which occur during the solidification period of ternary alloys that 
give rise to solid solutions is due to the fact that the actual and relative 
percentages of all three elements are varying both in the solid and liquid 
phases. If we take alloy x, fig. 15, as an example, this alloy begins to freeze 
with the separation of a solid solution of the metals B and C in A, which 
will be represented by a point somewhere on an isothermal line of the solidus 
nmning from the line A 6 to A e, the temperature represented by the iso¬ 
thermal line being the same as the initial freezing point of the ahoy. The 
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liquid ultimately corresponds in composition to a point on the line <lf whei 
the two phases a and separate from the liquid and the composition of tin 
liquid finally reaches that of the ternary eutectic /. It is only wdien th< 
liquid corresponds with the composition of the ternary eutectic that th< 
concentration of the solid phases can be determined a priori. At this atapjc 
the solids in equilibrium with the liquids are a, and 7 , and their coniposi" 
tions are c, g, and h respectively. 
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CHAPTER IL 

STRUCTURE OF METALS, 

Structural Components: Crystals, —Having discussed the thermal 
changes which occur when alloys are cooled from temperatures at which 
they are quite liquid, down to atmospheric temperatures, the reader will 
be better able to understand their internal structural constitution, so far 
as it can be determined by examination under the microscope. 

All metals and metallic alloys are composed of crystals which have grown 
either from metallic liquids or been deposited by electrical means from 
liquids of quite a different nature. 

The first to take up this branch of metallurgical science was Dr. Henry 
Clifton Sorby, of Sheffield, who was also the founder of the study of the 
crystalline structure of rocks. The work of Martens in Germany, of Roberts- 
Austen, Stead, and Arnold in England, of Howe and Sauveur in America, 
and, in particular, of Osmond in France, has had a great influence upon the 
technique of this important and interesting subject. 

Sorby regarded metals as being similar to igneous rocks. It is, however, 
impossible to examine metallic specimens in the same way as mineralogical 
sections—namely, with the aid of transmitted light. The method devised 
by Sorby, and now universally used, with only slight modifications for special 
purposes, is as follows :—A roughly prepared flat surface is given the specimens 
by filing, the file marks removed by rubbing upon coarse emery cloth, the 
process, of obliterating the scratches continued by successively using finer 
and finer grades of emery cloth and paper. Finally, the last scratches made 
by the finest grade of paper are removed by polishing upon a wet pad of 
thick cloth or chamois leather, with the addition of some such powder as 
jewellers’ rouge as an abrasive. It is advantageous to rub the specimens 
on each paper in such a manner that the scratches produced are approxi¬ 
mately at right angles to those made in the previous operation. If the 
polishing be properly conducted the surface will be free from the finest of 
scratches, and in most cases will be quite mirror-like, and reveal no structure 
when examined under the microscope. It has been shown by Beilby that 
the absence of structure, on a perfectly polished metallic specimen, is dtje 
to a thin amorphous layer or film upon the specimen which is produced in 
the process of polishing. In order to render the structure visible, it is neces¬ 
sary to etch the surface by appl 3 fing a suitable chemical reagent, which 
dissolves the amorphous film and attacks a given constituent more readily 
than another. If only one constituent is present some of the crystals become 
electro-positive to others, and are consequently attacked at a quicker rate* 
By this selective etching the structure of the metal is developed, and can be 
examined under the microscope. 
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Fig. 17.—Structures Typical of Pure Metals (Kdwftnh and Ai^rlrew) 
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Fig. 16 allows the typical microstructure of a pure metal after being 
prepared in the manner just described. The differential etching which very 
frequently occurs between crystals of the same composition is illustrated 
in fig. 17. In both cases it will be noticed that the boundaries of the crystals 
do not conform to any definite crystallographic shape. This is not because 
the units, or, as they axe sometimes called, “ crystal bricks,” of which the 
crystals are composed, are irregular in shape, but merely because the con¬ 
ditions under whi(‘h the structure was built up were such that the primary 
units could not arrange themselves in perfect sequence. With metals, it is 
only under exceptional circumstances that the crystal boundaries show a 
well-defined crystalline shape. This is due to the fact that the primary 
neuclei, upon which the various crystals have grown, take up different 
angles relative to each other. As the crystals are growing from their respec¬ 
tive centres, at the same time and from the same liquid, they ultimately 
intcrce])t each edher's growth. In such cases it, therefore, follows that the 
outer shape of th(‘. crystal is defined by the space which is left by those sur¬ 
rounding it. Hindi crystals are called allotrimorphic crystals. 

Dr. Jloscnhain pd Mr. JBwon ^ consider that the metal at the crystal 
boundaries is in a different state to that contained in the body of the crystals. 
They say A series of interstic^es are formed which are ‘‘ smaller than the 
crystal units or bricks.” The liquid residue left in these interstices will 
then l)c unable to crysl.allise, for the simple reason that there will be no 
space for the aggregation of the liquid molecules ” to form a “ crystal 
molecule,” and tluis these portionB must remain in the amorphous state. 
They also suggest that it is owing to the presence of this amorphous envelope 
that the crystal boundaries- in etched specimens appear dark, on account 
of that pfiase being acted upon more readily by chemical reagents than the 
same metal in the crystalline state. 

It has been previously mentioned that metals and alloys which are really 
composed of crystals of exactly the same chemical composition frequently 
appear to contain crystals of different colour (see fig. 17). This appearance 
does not indicate a difference of constitution, but is merely duo to the crystals 
or their respective units possessing different orientations, and, therefore, 
reflecting the light, which falls upon them, at different angles. This can be 
readily proved by using oblique illumination and rotating the specimen 
through an angle of IBO \ As the specimen is rotated the angle at which 
the rays of light fall upon the various crystal facets is changed, and crystals 
that, were initially dark become light and vice vemt Osmond has very aptly 
described this effect as resembling that resulting from the revolving light 
of a lighthouse. 

Crystal Twinning*— A very characteristic appearance, which is fre¬ 
quently seen in metallic crystals, and is known as twinning,” is also camei 
by a difference in tlie orimrtation of two or more adjacent crystals of the same 
chemical composition and constitution. Twin crystals possess a boundary 
on one side wiiich is common to both, and runs across their whole length or 
breadth. As these houndaricK are usually perfectly straight, or consist of 
a series of straight lines, when viewed under the microscope, they give the 
impresHi{?n that they have liaen formed by the breaking up of a parent crystal 

* ** iritercry«tii.liiiicj C'ohwoa in Metals/' Joum, of In$t of Metah, No. 2, 1912 

2 
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Fig. 18.— X 150. 



Fig. 19.—Twin Crystals Viewed under Oblique Light at Different Angles, in this 
instance differing by about 180° {Edwards and Carpentfir), x 150. 


strtjctuee of metals. 
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B'ig. 2L—Showing Slip-bands passing through Twin Crystals 
(Edimrda and Carpenter), x 150. 


X 160. 


20 


THU PHYSICO-CHEMICAL PEOPEBTIES OF STEEI.. 


In soni6 instances this is nn(][ucstional)ly wluit has cic(*urn*il, Inif. in cjihoM 
it is not, strictly speakin<(, what has liappened. Sir AlfrcHi Ewiau ^ Hayn : ^ 
'^Twinninir is sometimes the direct result of strainin**: actioiis. but in ainro 
often produced when a metal, after having: been is iirnicalml. TIp^ 

nature of twinning is, perhaps, most easily intelligibh^ if t!ie lun 

considered as built up of brickbats, and that after one lavtT hiitl hnni vmu 
pleted the next layer has all the bricks turned routul an iin^h* of 

180°. The result would be a twin formation. In the mirroHrifpe, 
is shown by the appearance of a dark band in a crystal parallel to the likditnr 
portion or vice versd. Under strain twinniiig is indicateil by an aibriipt 
change in the direction of the slip bands.’’ 

Twin crystals that have been formed iw a result of stniinin^ fol!i)weii l»v 
annealing are shown in fig. 18, and the fact that this appeariiiii*e i'* imtirtiU" 
due to tile orientation of the crystals is definitely indiciiteii in Iilo it*, wlm n 
represents the same area as seen in fig. 18 , after rotating tlie aln* it 

180°. There seems to be no clear idea of the mecduinism by wliitdi twin 
crystals are developed on annealing metals whicdi liave bes*n pnHeni'dv 
strained. Whether they are formed by the growth on anm^aling h! 
fine twin crystals, which are formetl during the mipdiiinirjil ditfuriii.if imu, 
or not, it is at present impossible to decide. This k a b*Hsib!i^ e.\iiliiiKi!pei, 
and is in perfect accord with what little we know of the Mibjini, but it. 
it can only be regarded as tentative. Ih that as it may, it is iihw knHwii 
that the crystals of certain metals are capable of bcung twiniun! as a 
of direct mechanical strains, and that the width cd the.se twins varifs 
the excessively fine up to comparatively very broad lauuls. 'fwin i rysfab. 
which have been produced by straining, are illusirateti in fig. 2**. 

Slip-bands. —This term was first introdmani by .Messr.H. Ewing anti 
Rosenhain,^ and is applied to the appeaninee whieh they observed 
polished surfaces of metals that had been subjected to slighi but poniiiiiieiif. 
deformation. Fig. 21 serves the double purpose of showing slip b 4 iiui?i. and 
the marked change in their direction as they pass from one twin vry^tnl 
to another. The above workers have explained the formation of fdip 
bands in the following manner i—Buring deformation the iiietji! nmlvruim* 
a process of slipping or gliding upon the crystallographic planes, whirh 
rise to a series of steps on the polished surface, and when viewed under iliti 
microscope these minute steps are seen as parallel lines riinning amm tic* 
crystals. 

The structure of an alloy containing two constituents is shown in fig 22. 
In this case the white constituent has been depo.sited from the solicl soluiiun 

and squeezed to the boundaries of the orifjinal crystals. Tljo dark are.tH 
still contain an excess of the white constituent, which has h%m preumtcl 
from separating by rapidly quenching in water. With slow cooliny 
excess is readily deposited, and is seen in fig. 23 . 

The structure of an eutectic alloy is shown in fig. 24 , where the dark 
globular areas represent primary crystallites and the background tlie jo.il 
eutectic portion. 


a‘‘T’?® Steucture of Metals,” Joum. of Inst, of Mi-lnh, 181.1, N. 

/riiiLosoimcal Transactions^ 1900, vol. cxciii., p. 352. 
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Fig. 22.— X 150, 



Fig. 23.— X 150. 

Showing Change of Structure at Bifforont Temperatures (Edwards and Andrew.) 





CHAPTEE III. 


IRON. 

So far as can now be ascertained, tbe first intimation that there is any dis¬ 
continuity in the properties of iron or steel with a variation of temperature 
was made by Gilbert in 1600. He discovered that when a magnet is heated 
to redness it loses all traces of magnetism. No important scientific advance 
appears to have been made after Gilbert’s discovery until 1868, when 
Tchernoff ^ first noticed the connection 
between the so-called, critical point and 
the hardening of steel. In the year 1869 
Dr. G. Gore * stated, that simply by : 
heating a l)ar of iron to redness, a whole 
series of .changes occur in its molecular 
structure, its magnetism, its dimensions, 
its cohesive power, its specific heat, its 
thermo-electric capacity, and its electric- 
conducting power.” This was followed 
in 1873 by Professor W. E. Barrett’s ^ ^ ^00^ 
discovery of the phenomenon known as i 
recalescence.” He found that if a piece ^ 
of steel, and especially a steel containing 
about 1 per cent, of carbon, be heated to ^ BOO’ 
red heat, and then allowed to cool, it 
progressively, becomes darker until a 
certain temperature is reached, when § 
there is a sudden evolution of heat, which ^ jqq, 
is sufficient to raise the temperature 
of the mass, and render it perceptibly 
brighter. 

The next addition to our knowledge 
of this subject came from F. Osmond ■* 
in 1887, and was a most noteworthy 
qualitative and quantitative advance. 

With the aid of the thermo-electric pyrometer devised by H. Le Chatelier, 
Osmond was the first to determine the thermal data for iron and iron-carbon 

iTchemojEf, Paper communicated to the Imperial Russian Tech. Society, April 

and May, 1868. . -r .l xm 

2 On the Molecular Movements and Magnetic Changes m Iron at Different Tem¬ 
peratures,^’ Phil Mag., 4th series, vol. xL, p. 177, Sept. 1870. ^ xr x 

8 “ On Certain Molecular Changes ocourrmg m Iron Wires at a Low. Red Meat, 
PM. Afag., 4th series, vl. xlvi., p. 472, 1873, , , • . " 

^ “ Transformations du fer et du carhone dans les fer, les aoiers et les fontes blancnes, 
M4moires de Variillerie de la marine, vol. xxiv., p. 573, 1887; also ‘^Critical Points, of 
Iron and Steel,” Iron arid Steel Inst., No 1, 1890. 
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alloys wlien heated and cooled. A derived differential cooling curve of 
pure iron is shown in fig. 25. It will be observed that on cooling iron 
there is an abrupt arrest in the cooling at 900° C., which is caused by the 
evolution of a considerable amount of heat in the specimen. 

Immediately after this thermal disturbance there is a marked acceler¬ 
ation in the rate of cooling. A second retardation in the fall of temperature 
then becomes evident at 760° C. A third point occurs at 700^0., with the 
introduction of carbon to iron, and this point increases in magnitude as the 
percentage of carbon is raised to about 0*90. Following Tschernofi, Osmond 
applied the letter A to the critical point associated with the hardening of 
steels. Since, however, he found more than the one critical point, and dis¬ 
covered that they had different physical meanings, it was necessary to dis¬ 
tinguish between them, and he introduced the terms A^, Ag, and Ag, A 3 being 
applied to the change which occurs at the highest temperature—namely, 
900° C.—Ag for the arrest at 760° C., and A^ for the point due to carbon at 
700° C. It frequently happens that the temperatures at which these critical 
points are observed are not exactly the same when the specimens are heated 
as when they are cooled, and on that account it was necessary to introduce 
a furtner distinction in order to denote whether any particular thermal 
change under discussion occurred during heating or cooling. 

In order to meet this need Osmond introduced the letters c for heating 
(chauffage) and r for cooling (refroidissement). Thus the expression Ar^ 
is used to denote the evolution of heat at 900° C. when pure iron is cooled, 
and Acg for the absorption of heat, which corresponds to the reverse change 
when the metal is heated. 

It is fairly obvious that these thermal changes, which occur in almost 
chemically pure iron, must be brought about by some internal crystalline 
or molecular transformation inside the mass, and whilst it is universally 
considered that the change which occurs on cooling at 900° C. is due to an 
actual allotropic transformation in the iron* itself, there has been and still 
is some uncertainty in regard to the physical interpretation of the Arg point. 
In view of this, it is of some importance carefully to note the interpretation 
which .Osmond gave in his pioneer work. He said :—‘‘ Since the point Arj 
is the more individualised the nearer the iron approaches to purity, it is 
evident that this point corresponds with a molecular modification of iron. 
Iron is a polymorphous elknent like sulphur, silicon, etc. In the present 
state , of our Imowledge, it is difficult to say wlaether Arg is a second distinct 
molecular modification of Ai'g, or whether it is simply the end of Ai’q retarded 
by the presence of a little carbon. , , It is merely probable that Arg 
is the retarded end of Arg. I, therefore, accept this view provisionally, and 
until it is disproved, and shall assert that iron below Ax^ possesses the mole¬ 
cular form C 6 , and assumes above Atj the allotropic form /?. Between Aig and 
Aig, when these two points are distinct, the metal is a mixture of the two 
variations a and jS.” 

In discussing the theoretical cause of hardening steels by quenching, 
Osmond made the statement that “ ^-iron is hard and brittle by itself at 
the ordinary temperature, and that a-iron is soft.” A cooling curve of 
electrolytic iron published by Roberts-Austen ^ shows, in addition to the 

^ Fifth Report to Alloys Research Committee, Proc» Imt of Mech* Engs», 1899, 
p. 35: 
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Ara and Atg, two evolutions of heat which occur at about 487° T ar,d 
261° G. These two pomte were observed after the specimen had'been 
heated va^ to 1,300 C. three successive times; but after repeated 
heatings of the metal in vacuo they become so small that it is imnossible 
to identify them with certainty. Hence there is little doubt that tLy are 
due to the presence of hydrogen occluded in the iron. Roberts-Austen also 
found that the presence of hydrogen increased the magnitude of the Ar 
and Arg points; but this increase could be eliminated by repeated heatinel 
in mcuo. ® 


Professor ArnokP found that the recalescence of Ar, occurs much more 
sharply and between narrower Umits of temperature when hydrogen and other 
occluded gases are removed. In no case, however, has it been found possible 
to (‘liminate, by heating for very prolonged periods in vacuo, the points Ar. 
and Arg of the purest iron yet experimented with. Judging from the experi- 
mcn(ul evidence he obtained from iron containing 0*04 per cent, of carbon, 
Professor Arnold^ concluded that the point At^ was not in any way connected 
with the point Ar^. Arnold considered that Ar 2 was a physical point due 
to the jjassage of hot iron from a plastic to a crystalline condition. 

In the discuiBsion on this paper Osmond stated that he himself found 
that and, not as he originally supposed corresponds to the loss of 
magnetism wliic.h occurs wlmn iron is heated, which supports the view that 
there is a decided difference between Ar^ and Ar^. In consequence of this 
individual existence of Ar^ and Ar^ Osmond concluded that there are three 
distinct allotropic varieties of iron— viz., a, /3, and y. The ranges of tem¬ 
perature in which these varieties exist are —a-iron from 0*^ to 760° C.; d-iron 
from 760'* to iMf (j.; and y-iron from 900° to 1,505° C. 

In recent years there has been a tendency to revert to Osmond’s original, 
or a somewhat modified interpretation of the At^ point, and regard it as 
the lower limit of the Ar^ change. An excellent summary and criticism 
of the data bearing on this question has been published by Benedicks,® and 
the subject is furtlier discussed in papers read by Stead and Carpenter,^ 
and by Bauveur,^ before the Iron and Steel Institute. 

Benedicks suggests that the Ar^ point is due to the oi-iron holding a certain 
limited amount of y-iron in solution. According to this view, iron at tem¬ 
peratures between and 700° C. consists of a solid solution of molecules 
of y-iron in crystallised a-iron, which possesses different properties from its 
constituente. This idea certainly seems theoretically possible, and should 
be carefully taken into consideration. It is, however, necessary to remember 
that it is only a suggestion, for Benedicks himself says:—‘‘ The possibility 
oi Ag corresponding to an actual discontinuity can certainly not be denied. 
. . With the view of testing this theory, Carpenter carefully deter¬ 

mined the heating and cooling curves of exceedingly pure electrolytic iron 
containing 99*967 per cent, of iron and only 0*0(]fe per cent, of carbon. 


^ Discussion, Second Re|>orfc Alloys Research Committee, In$i, of Mech. Engs., 1893, 

p. 102. 

The Physical lafluenoa of Elements on Iron/' Iron and Steel Inst. Journ., 1894, 
No. l,p. 110. 

^ Journ. of Iron and Steel InM.^ 1912, No. 2, p. 242; 1914, No. 1 , p. 407. 
^Carpenter, Journ. of Iron and Steel Imt., 1913, No. 1, p. 315; 1913, No. 2,p. 119. 
^Journ, of Iron and Steel 1913, No. 2, p. 171. 
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Typical curves taken after repeated keating and cooling in vacuo are skown 
in fig. 26. It will be noticed that on cooling there is only a slight indication 
of a point beginning at about 760° C. and reaching a maximum at 
743° C., whilst on heating there is no evidence of the corresponding 

change. At. this stage it should be noted 
that thermal transformations are seldom so 
well defined on heating as on cooling curves. 
The accumulated evidence certainly indicates 
that the Arg point decreases in magnitude as 
the purity of the iron is raised, but at present 
it would be unwise to assert that Arg would 
be entirely absent in chemically pure iron. 

As regards Benedick’s suggestion, perhaps 
the most decisive test to apply would be to cool 
the purest iron to below the Arg point, then 
heat it to a temperature below 900° C. (Acg), 
and again cool. If Benedicks’ theory be correct, 
the Arg ought not to appear after this treat¬ 
ment, because all the y-iron molecules should 
be thrown out of solution with the first 
cooling, and it would seem impossible for them 
to redissolve at temperatures below 900° C. 
This experiment has not yet been made. 

Whatever the true solution of this highly 
theoretical problem maybe, the fact remains 
that in ordinary iron there are two thermal 
changes on cooling—one at 900° C. and the 
other at 760° C. Whether the 760° C. point 
is or is not a true allotropic transformation is 
a matter of little importance. In any case it 
possesses all the characteristics of, and practi¬ 
cally may therefore be regarded as, an allotropic 
change. 

When at temperatures within the three 
ranges, 0° to 760°, 760° to 9(K)°, and 900° to 
1,505°^ C.—^that is, when in the a, /S, and y 
condition—the properties of iron are remark¬ 
ably different. Thus, a-iron is magnetic, it 
will not dissolve carbon, and the crystals do 
not seem capable of twinning; ^-iron is non¬ 
magnetic, it. will dissolve little or no carbon, 
and will not form twin crystals; y-iron is non-magnetic, it will readily 
dissolve carbon, and will form twin crystals. 

Magnetic Properties* 

Curie s ^ determinations of the magnetic intensity of iron with varying 
temperature show a well-defined change (fig. 27) at a temperature of about 

^ Properties maguetiques des corps,'* Annales de Chimie et de Physique^ 1895, 
sene 4, vol.v,p. 289. i > 
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760°, which corresponds with A^, and a second break at (000® C.) the Ar| 
point. Weiss and Foex ^ have also confirmed these resnlte, but by plotting 

the inverse magnetic intensity -- gainst temperatures they obtained » 

a? 



diagram (fig. 2B) wherein the discontinuities are brought more into promi¬ 
nence. 

Dr. K. Morris^ has daterniined the magnetic permeability and hysteresis 
of pure iron at temperatures up to about U. Fig. 20 is one of the curvea 



from^Dr. Morris’ pai>er. From this curve it will 1^ seen that thare is a sliglit 
rise in the permeability as the tom|>eraturfi reacdies filwut 150' C. ; this 
isiollowed by a fail at %Kf G. Another marked increase then bocomM evident, 
and reaches a maximum between 400® and G. There ia a most remark- 

* Archives its Acienm^^ Geneve, 1911, i«rie 4, toI. xxxf., p. 89. 

* PhiL Mag,, 8©pt. 1807. 
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able change beginning afc 570" C., Urn permeability mpiclly im with 

the temperature until 7G0® 0. fa reached, nftm' which it imlilc’idy drop** to 



zero. This change correspondH with the « ^/I inverMit»n. It iii!f*rir?4iiig 
to note that the magnetic permeability in by lu? neidi'iibl** at afucit 

900° C. 


Dilatation. 


The curves showing the variations in the volunic of iran \uih rmtrj; 



'Tempetstum 
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temperature, as drawn from Charpy and Grenet’s ^ experiments, are sliown 
in fig. 30. These two curves, obtained from irons containing 0-07 and 0*03 
per cent, of carbon, clearly show that even such small differences in carbon 
content exert a very decided influence upon this property at temperatures 
approximating to that of the change. Thus, as the temperature rises 
to about 760“ C., the expansions in both cases are quite continuous. From, 
that temperature upwards the character of the two curves is different, but 
at 900“ C. (which corresponds to the A 3 point) the sudden contraction which 
occurs is practically the same in each case. 

Electrical Resistance^ 

The variations in the electric resistance in iron, with rising temperature, 
has been determined by Boudard,® who found that there are marked changes 
in this property at 770“ 0. and at 890® C. 


Specific Heats of Iron* 

The specific heats of iron, as determined by Dr. Harker, are shown in 
Table 1. From these figures it will be seen that there is a marked change 
at 900’ (j. There are other discontinuities at lower temperatures, but 
they are too irregular for them to bo associated with any definite physical 
transformation. 


TABLK L— Mean Bfecufki Heat between 0 ° and T®.—So*^. 


T. 


r. 


T. 


200 

•im 

550 

•1301 

850 

•1647 

250 

•1204 

600 

•1396 

900 

•1644 

300 

•1233 

050 

•1440 

950 

•1612 

350 

•1257 

700 

•1487 

1,000 

•1557 

400 

•1282 

750 

•1537 

1,050 

•1512 

450 

•Kill 

800 

•1597 

1,100 

•1634 

500 

•133B 






Strnctarc of Iron* 

The microstructure of pure iron, when it is in a normal condition at the 
ordinary temperature is shown in fig. 31 at a magnification of 200 diameters. 
Id this instance the etching of the polished surface was made by immersing 
the specimen in a 1 per cent, solution of nitric acid in alcohol for about 
half a minute. Under these conditions only the general outlines or boundaries 
of the crystalline ^gr^ates of the mass are rendered visible under the 
microscope, which are seen in the photograph as polygonal grains. This 
network does nor give any definite indication of the true crystalline character 
of the metal itself, or, in other words, of the numerous crystalline units of 

1 Bulletin d€ la Bociai d^Encouragemm, 1903, vol. oiv., pp. 464-882. 

^ Iron andiJeel 1003, No. 1, p. 299. 
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which those grains are composed, because under the usual tonditieni whitdi 
prevail in the manufacture of iron, the crystal units have not suflkdeKit 
time and freedom to arrange themselves in such a manner that the eryntallitit^ 
aggregate shows true crystal faces. The true crystiilline hiihifc of iron hait 
formed the subject of many researches, and the problem has been iittarked 
in a number of ways. 

Dr. Percy states that Wohler^ obtained cubic crystals frcun fiwit iron 
plates which had been exposed to a white heat for a long lima, iind also 
octahedral crystals from the cavities of a large unwmnd east iron roll. 



Fig. 3I.--Sfcruotiiro of Pure Electrolytic Iron (Stmtd tnd i'Arimikr% 


Dr. Percy also refers to a flat bar of iron which hioi {men nllowci t« 
remain for a long time in a pot of molten glass, in which ho f.mn.i ih.- .-I-u. 
planes arranged perpendicular to the external surfiwe. 'I’ho surfii.o .d this 
bar was covered with fine hexagonal markings. lf« also ntutos O.at Pnd. 
Sfcubes Bessemer iron to consist of an aggr.-gution of 

system^* opinion that wrought iron crysIalliHiMl in the nil.iu 

wrought iron which had been very slowly cooled from a white heat T 
Andrews observed that the linear dimensions of what ho (iescrihi-d as t lie 
primary crystals would average about 0-01 inch, In.t t“tdtnl" 

* John Percy, Iron and Slid, 1804, p. 3 
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these were built up of units of much smaller size. He made measurements 
of the angles of the facets of these units, or, as they are frequently called, 
molecular crystals, and found that in most cases the angle readings were 
about 120°, which suggests that the crystalline structure or form of the 
metal is hexagonal. He also observed perfectly formed cubical crystals. 

A very substantial advance to our knowledge in this direction was made 
by the publication in 1898 of a paper by J. E. Stead.^ In this paper it is 
conclusively shown that when iron is in a stable condition at temperatures 
below 760° C.— i.e.^ in the a form—^it crystallises in the cubic system. One 
of the photographs which Stead then pubhshed is shown in fig. 32, where 
the cubical form of the crystalline units can be very clearly seen. In the 
same paper, moreover, many facts of great value, regarding the effect of 
thermal treatment upon the structure and properties of pure iron, were also 



Ficr 32.—Crvstallino Character of the Interior of Large Crystals revealed by Deep 

Etching (Stead), 


brought to light, which also have a teect bearing upon the allotropic con¬ 
ditions in which iron is capable of existing at high temperatures. He foimd 
that “ in pure wrought iron and low carbon steel having fine crystal grams, 
produced either by forging or certain heat treatment, the graiM increase 
in size slowly at 600° C., and more rapidly as the temperature is raised to 
about 750° C., and it is possible by heating at about 700° C. for a few hours 
to develop granular masses of exceeding coarseness. He also pomted out 
that when pure icon which had been made coarsely crystalhne m tto way 
was heated between 750° and 870° C. the structure was 
appreciable extent, but as soon as the temperature of about 900 0. was 
p^sed, the coarse crystals were agam broken up mto small on^ (see fig. 33). 
Further heating to 1,200° C. did not produce any apparent difference in the 
dimensions of the crystals. 

^ Iron and Steel Inst, 1898, No. 1, p. 145. 
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These facts are very interesting, because they leave no ronm ti» ibniiit 
that on passing through the A 3 point at IHHt' l>. iron iiinlcrgor.H 41 ilm 
change in its crystalline condition. Thus, when very roiirw' of fi irun 

are heated from just below 9(K)® C. to a teiuparatura just iilmve r ih^v 
are transformed in y-iron, and this change is acroinpiiiiiiHt f*y a riH-ryniiiih^- 
ation of the whole mass, which gives rise to much siiiiiller rryi4i4il?'i. 

Dr. Stead and Professor Carpenter^ have Umnd that ilio l»tdii4vioiir nf 
thin strips of very pure electrolytic iron diilcrs in many h friuii tiui! *4 



Natural Sim 
Fig. 


ordinary wrouglit iron or mild steol. Tluw, tlm m-.mulH uf ,„ia vv,.>UhI 
f'lot become coarsenod by aimi,ulii« Ih.Ih..,.!, 7ik> aiiri 
the same way as nuld steel. The heat trmtm.mt, wlm h r.-iu.... 

!tve structure of mild steels.- .nanu.lv. h.-mir.. ju.t 

above 900 C.—actually brings about excessively rapi.l .rvstiil iTrottil la 

the thicJmess of the iron sheet or strip does imt exm>d a rcrtiiia i nti. si 
figure, which is between 0-011 and 0-012 of an inch. I„ the <-u,,e af dc.-ira 

*/ron andSied Inst., 1813, No. U, p. 118. 
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lytic iron the crystal (trowth occurs after the material has cooled below the 
Ar^ ^chanjjje, aucl takes place so tj^uickly that only three seconds are reouired 
for it to be completed. It can be entirely prevented by quenching the strips 
from temperatures above the Arj point. 

J'ig. 34 is an oxtremel}' interesting example of crystal growth. It repre¬ 
sents the structure of electrolytic iron, in which the outer edges of the specimen 
were heated to above the Acg point, but the central portion did not reach 
that change before tlie sheet was again cooled. Hence the crystals in the 
centre have remained practically unaltered, whilst those in the outer parts 
have grown to a remarkable size. 

In neither of the publications just referred to were the investigators 
able to detect any change in the crystalline structure of iron at temperatures 
corresponding with the Aj thermal transformation. 

By etching specimens of iron in fused calcium chloride at different tem- 



Flg. 34. —Showing Coarsn Cryntnllisatlon in Ktootrolytio Iron by Heating above 

Atij (Change' {Sitnd and Carpenter). 

peratnreH, Sainter ^ to detenniiiiO the crystalline changes as 

the inetai paancis throuf^h the A;, and A 2 points. The results he obtained 
were (pdte intercHting and instructive. When etched in this way at tem- 
poratores above tltc A;| point the metal gave unmistakable signs of crystal 
twinning, and the boundary lines of these twins seem to indicate that iron 
when in the y cojidition i« in the form of rhomboid crystals. At lower tem¬ 
peratures no twinning wiih observed, and no change could be detected as 
the metal paiwe<i the Ag pednt. Osmond and (Jartaud ^ have paid considerable 
attention t(» tiiis subject, and arrived at the following conclusion:—“The 
only positive conclusion that we can draw from these researches is that 
the tinree allotropk varieties of iron, although they all crystallised in the 
cubic, system, present w^elhdefined specific characters, and cannot have the 
same internal structure.'^ 

It is known that there are three varieties of the cubic system : the simple 

I run and Hied In$t , 1897, No 2. 

* IhiiL, 1906, vul hi. 
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A 3 points it would seem that at that temperature there is a muc.h mam radical 
change in the crystalline nature of the element. 

Working on the structure of iron at high temperatures, lloHeidiaiu and 
Humprey^ obtained evidence which indicates that between U * and I,CM HI ’ C. 
iron can exist in three distinct modifications which posHess widely liillerent 


^ Proc, Roy. Soc., A, vol. Ixxxiii., 1000. 
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meclianical properties. Altlioiigli the temperatures were not exactly deter¬ 
mined, they considered that the changes were coincident with the points 
A 3 and Ag. These authors were also the first to demonstrate that iron at 
high temperatures—in the y state—^undergoes deformation on straining 
by a process of slip on the cleavage or gliding planes, which may or may not 
be accompanied by mechanical twinning. 

In a later pubhcation the same investigators^ have made very careful 
determinations of the tenacity of mild steel at temperatures up to 1,000° G. 
The results they obtained are graphically illustrated iu fig. 35, where 
the tenacity in pounds per square inch are plotted against temperatures. 
It will be observed that there is a marked change in the mechanical properties 
of the metal at 900° C. A similar but much less decisive break occurs at 
about 750° C. The composition of the material experimented upon was 
as foll.ows :— 


Carbon, . 
Manganese, 
Silicon, . 
Phosphorus, 
Sulphur, 


. 0*106 per cent. 

. 0*395 „ 

. trace 

. 0*050 „ 

. 0*075 „ 


Perhaps the most remarkable fact which was brought to light in this 
work was that iron when at a temperature just above 900° C. has a higher 
tensile strength than it has when at a temperature between 730° and 900° C. 
Therefore, it seems quite safe to conclude that y-iron is a hard variety 
of the metal. The change of direction shown on the curves between 850° 
and 900° C. is difficult to understand, unless it is due to the gradual increase 
in the amount of solid solution present as the temperature is raised. 


1 Iron and Steel Inst., 1913, No. 1. 





OHAPTKK IV. 

THE CONSTITUTION OF THE IRON-CARBON 
SYSTEM—EQUILIBRIUM DIAGRAMS. 

In a previous chapter attention has been <lrawii to tiie hiii tliiit tio’ 
ture at which an element passes from the liquiii to^the^HoIitf .Hfiife, iiii«l iih*- 
that at which it changes from one allotropie mcHiifieiitiHii info iiiitiflirr, 
materially influenced by the ])reHcme6 of^foreign element,^ it iii*iy in 

solution. The effect of carbon upon iron is stroii^jy mjirke»h fur I'xaiuplt*. 
the temperature at which pure Ii(|uid iron solidilieH is hhn.i i ^ ttlirfi .iH 
when iron contains about 4*0 per cent, of carbon in K<»hifii»a tin* inafiire 
remains perfectly liquid down to 1,130" C. 

Much smaller quantities of carbon exert a reiiiurkabh* iiillneiii r- npMn 
the temperatures at which the thermal critical points A;j and »«« or 
these changes are accompanied by certain nunv or Wm^wvll dcfiia^d tdiri.i 
(ions in the properties of the pure nudai, aial also of iIm it i”* quif** 

evident that the action of the carbon is twofohl. First, l»y rtoubiniim 
the iron, it imparts certain properties to the alh^y tdninnicriHfir ol ili«» i om 
pound which is formed; and, secondly, it delays or lowcr*^ the triiiprmiuo* 
at which the normal transformations take phu‘c, BiUli t!ii‘sc finiorH lUiiLi* 
it necessary to modify the practical treatment td the residtiny iirruidiii,.’ 
to its particular composition. In other w(»rds, the best tem|«*r4i!iire.'>i f*»r 
casting, annealing, and forging, etc., depend uptm the c-ouipoHiliuii td flii* 
steel. The first requirements in the scientifn* study td crtrbuii fiti’idn or** 
a thorough knowledge of the chemical eomptnmds and ctmHtitiinifH tli.it 
iron and carbon are capable of forming, the ranges id iind 

composition in which those constituents are capable nf cxHting fi»r iiii m 
definite period, the conditions which bring about l!i<4r latitiii, aiid 
the means by which they can be retained at tempura!ur**H oiifHidr ihrir 
stable region. The importance of a complete undcrstamling id ihf^e nui 
siderations, so far .as they are now known, in regani to iron rar!«»ii % 
is by no means confined to carbon steels, but extemls to whaf an* riillmi 
special steels— i.e., those containing other elements whicli havi* bmi infi’ii 
tionally added. All these considerations are either emiHKiiod in. or iniiv 
be deduced from, the equilibrium diagram, wliich may, tlH*rrforc. bo 
justly regarded as a most important chart in regarti to the mctiillurgy of 
steel. 

Karsten 2 (1824) was probably the fimt to observe that whim iiiiiif*alcii 

^ H. C. H. Carpenter, Joum. Iron and Steel InaK, Ko, 3, p. imm. 

* Archiv fiir Berglau und Huttenweaen, voL viii., p, 3. 
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steels were tlissiilved in dilute hydrochloric or sulphuric acids a carboni¬ 
ferous coiutKnmd was always left as a residue. Similar observations were 
made by Caron ^ ami by Kinman,^ and the latter gave to this residue the 
name ''‘cement carbon.’' Sir h\ AbeP confirmed Karsten’s observations, 
and by acting upon the drillings with a solution of potassium bichromate 
and sulphuric acid, found t hat the residues contained 6-7 per cent, of carbon 
and 93*3 per c‘ent. of iron. These percentages correspond with the formula 
F(^yC. lie obtained as much as 1)6 per cent, of the total carbon contained 
in tiie steel as a carbide residue. Muller^ and Ledebur® also found the 
same results by using very dilute sulphuric acid. The acid was allowed to 
act upon the steel at atmospheric temperatures for several days, a current 
(d hydropn or coal gas being maintained to prevent contact with the air. 
By treating the carbide with hot acid it is decomposed with the evolution 
of hydrocarbons. Arnold and Read ® obtained results which confirmed 
AbeFs work. They employed an electrolytic method, and obtained the 
carbide ahnost ciiemically pure in the form of plates. Osmond and Werth ^ 
also isolated the carbide, Fe^O, and lound that if the steel be dissolved in 
cold nitric acid (I*8 to 1*20 specific gravity), there remains in the first instance 
a brown fiocculent residtu^ which contains 44*59 per cent, of carbon, 8*05 
per cent, of iron. 22**5 of water, and 21*86 per cent, of oxygen and nitrogen. 
This readily dissolves when the li(|uid is heated, and imparts a brown 
colour to the solution, which fomis the basis of the Eggerts colour test for 
car!)on. 

Altliough th<i mohu’ular formula of the carbide of iron is generally re¬ 
garded Fc./', it is not known with certainty. It might, for instance, be 
Fe^(.jj or FcyC’^. Sir Robert lladfield luis recently offered a substantial prize 
for the elucidation of the problem, and witli the object of stimulating research 
in this direction. 

The next advance was made by F. Osmond,® who, in his original paper 
dealing with the Ar 3 and Ar*| critical points of pure iron, gives a detailed 
account of the effect of carbon upon those points, and shows that the presence 
of even small (juantities of carbon gives rise to an entirely new critical point 
at 7I()' C., wlucli he described as the Ar^^, or carbide change. He found that 
in proportion to the increase in the amount of carbon present, Ax^ is rapidly 
lowered and first joins Ar^, then what may be called the double point Arg 
and Ar^ descends in turn, and finally coincides with the Ar^ point in the 
presence of about 0*9 per cent, of carbon. Hence in the case of steels con¬ 
taining 6*9 per cent, of <‘arbon only one, rather large, evolution of heat occurs 
—viz., the Afi, or, as it is sometimes called, the Arg, i point. 

Hir W. Roberts-Austen made many researches, and was the first to 
attempt systematically to determine ® and graphically represent the whole 
of the thermal transformations through which the iron-carbon alloys pas^, 

1 €hmpt€d Eendm de VAmdemie des Sciences, vol. i., vi., p. 43. 

® Erdmann's Journ. jiir Praktische Chemie, vol. c., p. 33. 

^ Engineering, vol xxxix,, pp. 150 and 200. 

< Stahl und Emu, 1888, p. 291. 

® Ibid., 1888, p. 42. 

« Jm^m. Chem. Soc*, vol. Ixv., p. 788. 

’ Annales des Minm, Series 8, vol. viii., p. 5. 

^Joum. Iran and Steel InsL, 1890, No. 1, p. 38. 

» Free. InsL Mech, Engs., 1899, p. 36. 
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on cooling from teruperatureB at which they are quite liquid down to about 
2{K)® G. (fig. 36). It was from Osmond ami Roberts-A listen’s data that 
Roozeboom^ constructed an equilibrium diagram to develop the theoretical 
constitution of the iron-carbon series. This diagram, which is shown in fig. 
37, was admittedly tentative, and later on Professor Carpenter and Mr. 
Keeling ^ made very careful determinations of the thermal changes (see 
curves, figs. 39 and 40). In addition to confirming tlie main changes found 
by Roberts-Austen, and making certain corrections in regard to tempera¬ 
tures, they found two other thermal changes which had not been noticed 
by previous investigators. They did not, however, construct another diagram 
as a result of their work, but simply introduced their observed points on 
Roozeboom’s diagram (fig. 38). 



Fig, 38* 


Gutowsky has determined the soEdus line for mkturw conteiniug 
than about 2*0 per cent, of carbon, by q^uonchir^ small sections from various 
temperatures and subsequently ezamming them under the microscope. 
In this way the presence of any liquid which may exist at the tempemture 
from which the alloy was quenched can be detected in the specimen as circular 
white areas inside the crystals or as white envelopes around them (see fig. 41). 
The part which was liquid at the high temperature etches differenyy in 
the quench^ specimen, because it contains more carbon than the part 
which was solid, and the quenching prevents the carbon being again 
distributed by diffusion. The solidus, as determined in this way, is shown 
in fig. 42. 

* Jowm. Irm and Skd Imi-, 1900, Ko. 2, p. 311 

• Ibid., 1004, No. 1, p. 224. 
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In 1908 Upton ^ published a luodiftod o-iuilibriutn diagram, wluch includes 



Big. 41.—^AUoy Quenched from Tempenitture at which it wm partly liquid 
White Boundaries and Circles repremmt Parts that were liquid. 
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constitution of the’ iron carbide. A totally different type of diagram, wliicb 
is Icnown as tbe stable, or iron and graphitic carbon diagram representing 
the true equilibrium conditions of these alloys as they are understood by 
Benedicks, Buer, Le Chatelier, Charpy, and others, has also been pubhshed. 
It will readily be seen that it is not a simple matter to give a clear description 
of the constitution of this series, because there are still many details 
which require careful investigation. When considering steels alone, however, 
this difficulty is not so great, because many of the controversial questions 
may be left out of consideration. Broadly speaking, there is no fundamental 
difference of opinion as regards the changes which occur when steels are 
heated or cooled under normal conditions. Hence, in the general discussion 



of the sohdification and subsequent cooling of steel, it makes no real difference 
which of the modern diagrams are taken. At a later stage, however, it will 
be necessary to consider in some detail the prevailing ideas relating to the 
conditions upon which there is some uncertainty, but which may have a 
possible beariog upon the subject under examination. 

Taking Eoozeboom’s diagram with Gutowsky’s modified solidus (fig. 43) 
as representing the constitution of the iron-carbon system, the changes which 
steels undergo on cooling are as follows :—■ 

The vertical ordinates represent temperatures, and the horizontal ordinates 
correspond with the percentages of carbon and iron contained in the alloys. 
The shghtly convex liquidus curve A B indicates the temperatures above 
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which any particular alloy of known t‘arbon content in ptn-ftnliy Iii|iutl, mui 
also the temperature at which it will (ieponit itH firnt rmp i»f rrv.Htal.H ;us tlio 
mass cools. These solidifyini,^ or freezing tempera!urcH can he rriidily anrer. 
tained by projecting a vertical line from a point on the hori/.tmfal urslinu!«\^ 
which corresponds with the desired percentage of curlnm, and imiing tlw 
temperature indicated by the point at which that line infer, Herts the Inpiidua 
curve. The liquidus curve clearly imliraten how the freezing temperature 
is influenced by the amount of carbon present f.r/., there is a vtmiimuim 
fall from 1,505'" C. for pure iron to 1,150^" V. for a mixture about 

4*3 per cent, of carbon. 

The solidus lines AOBI) represent the tempera! un*s below whirfi the 
various mixtures are perfectly solul. It will be noticed that tin* soli Ins 
for the series containing less than 2*0 per cent, of eurbiui ilyd vk tlmse 
steels which fall to the left of the point V k a sloping line. uhilHl fur thuno 
steels containing more carbon it is horizamfal. This w bei*au.He the erv.Htiils 
that are deposited from the licpiid in tlie former are eoni^tanlly rhanmtig 
in composition during the period of solidification, fmt in tiie latter, what 
ever the initial composition of the alloy may be wlnm the temptuatun^ uf 
the line C B D is reached, the (‘ompewititm of the liquitl always «*urr«‘,HpnnilH 
with the eutectic alloy which solidifies at a constant temperature wifhmit 
any further change in composition. 

Alloys containing less than 2*0 per (*eut. of carlam when ipiite >u!id 
consist of a series of homogeneous solid solutions wideh are of the .Hano! 
constitutional character. Tliey contain all the carbon m carbide of iron 
held in solution by the iron which is in the y <’ondition. At lower tempera! ures 
this group may conveniently be Hulalivitled into threi^ further claMses, wha-h 
pass through somewhat different changes as they cool to temperutures junt 
below the line def, 700° 0. Tlu^y are (a) thewe (aintaiiiing less than into 
per cent, of carbon, (b) from 0*45 to tl*90 per cent, of earbtuu and (r) from 
0*90 to 2*0 per cent, of carbon. 

The effect of carbon upon the Ar^ and Ar^ critical points tif pun* iron 
is clearly illustrated in the series of cooling curves shenvn in figs. 30 ami to, 
and the points or ranges seen on those curves are repreHcnted by tin* lim*.s 
a c and c c in the diagram, fig. 43. From the curves it will be aeen that even 
small quantities of carbon have a marked lowering effect upon the. tempera¬ 
ture of the Axp change, and with about 0*45 per cent, of carbon Ar., becomes 
practically coincident with the Ar 2 change. As tins carbtm is Htill further 
increased the double change Ar 3 Atg is progreasivedy hnvered, until, with 
0*9 per cent, of carbon, only the Ar^ or carbide change is evident. 

As is clearly shown on the cooling curve of a steel containing onlv o*l2 
per cent, of carbon, the Ar^ change appears almost with the first inlrtnlm-tion 
of carbon to iron. The precise meaning of the various lines in the iroim*arbon 
diagram will no doubt be more readily understood by giving a defailetl 
description of the changes through which certain typical steels pass as they 
cool from the liquid state down to ordinary atmospheric temperatures. 

The carbon content of a steel represented by the point x, fig. 43, is tF5 
per cent. At the temperature x it is perfectly liquid, and remains in that 
condition as it cools until the temperature x\ 1,475"" 0., is reacluHl. At this 
stage the mass begins to solidify by the deposition of a numlier of solid 
crystals. The composition of the crystals that are formed at tliis period 
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is represented by the point x'"; they contain 0*10 per cent, of carbon, ox 
0*4t) per cent, less than the liquid from which they were formed. Jn con¬ 
sequence ot this selective separation of relatively pure crystals the remaining 
liquid becomes correspondingly enriched in carbon, and as the freezing 
temperature of steel is lower the higher the carbon content, it follows that 
this secondary liquid must possess a lower freezing temperature than the 
initial mixture. Therefore, before it is possible for any more crystals to bo 
formed from the Ikpiid the temperature of the mass must be hnviTcd. With 
tins necessary fall in temperature a second crop of crystals is formed anti 
deposited upon those first produced. As the chemittal (‘omposititm of the 
crystals deposited is governed by the actual coxnposition of the mot Iter lifpud, 
the second batch of crystals contains a slightly higher percentage of carbon 
than those formed in the first instance. With ideal theoretical conditions - 
that is, if sufficient time wore allowed during the solidification period the 
slight difference in the percentage of carbon contained in each successive 
layer of crystals would be neutralised by the process of diffusion. 

In the ordinary freezing of an ingot of steel the coislitions are not hucI» 
as to permit of complete diffusion, and it is, thenffore, prac’tieully impoHsilde 
to get the theoretical progressive change in the composition of the solid 
and liquid during the solidification ])eriod. If the rate of eoeffing could be 
kept slow enough to allow of perfect e(|uilibrium Ixung cHtablishtnl, the 
last trace of li(jui(l to be converted into solid from tin? x, hg. 45, would 
have the (‘omposition Jn prop(ution as the cH>oling is quicker than 

is tlieoretie.ally demanded, the (‘omposition of the litpiid will be thnnvn 
more and more to the right of x. Tin? (’(unpoHitiouH of tin? crystals and tln» 
liquid that are in e(j\iilibrium with each other at any temperatnn* can be 
determined by drawing a horizontal line at tin? dc^sired temperature to nna^t 
the solidus and licjuidus curv(?s, the points of inierseetion repHtsenting the 
composition of the Ii(|uid and solid pliases. 

Turning now to the changes which occur in carbon steels as tlmy read 
from temperatures at which they are just solid down to just b(?hiw 7tMi' r., 
it will perhaps bo well to describe in detail the cooling of one member of tlie 
three groups already mentioned. 

It has been previously stated that tin? addition of c‘arbon to iron lowers 
the Ar-j change, and when 0*45 per (?(?nt. of carbon is prewmt it is coincideni 
with, or, to be more corrc.ct, commences at the same temperatnn* as the 
Ar^ point in pure iron. This is the first natural subdivisioii of the cairbon 
steels, and comprises a series which undergo the same physical changes iw 
they cool. On cooling a steel containing • 0-20 per cent, of carbon 

(.9, fig. 43) from temperatures just below the solidus line it remains con¬ 
stitutionally the same until it reaches the point / (fig. 43) {Mif C\), wlien 
it begins to deposit a certain amount of //-iron from solution; and since 
this form of iron will not hold carbon or (‘arbide of irtm in solution, or a! id! 
events only a very limited amount of that element, the remaining j solutitui 
from which the ft-'mm separated is relatively enriclied in carbon. As a further 
result, the temperature at which it is possible for more fi-inm to separate 
from the secondary y solution is low'ered, and it is necessary for tlie te!n« 
perature to fall a little before the amount of //-iron can increase. This kind 
of change, in the carbon percentage of the y solution ancl growth of /l-inui, 
proceeds as the temperature falls, and is exactly similar to the separation 
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of a pure salt from an aqueous solution, or t-hat of a pure nu^tal from u iiquid 
alloy. It will, therefore, bo seen that the pn^senee (^f carbim ino.ldies I he 
ordinary y-iron into /S-iron change of pure inm, whieii is t!u‘uretifjil!y etuu- 
pleted at one temperature, by makin^^ tiio chari^e exOuai over a raii* 4 e of 
temperature. When the temperature of the steel is TtitT (!., correipoutiin^ 
to the line he, all the possible ^-iron has been formed, anti tin* iviu.uuiie^ 
y solution contains 045 per cent, of carbon, repreH(‘nted by tin* ptuiif r*. 
As /3-iron will not dissolve carbon, it follows that the // mm whirh is hmiu* I 
when these steels are cooled below the lino he will be prcriscly tin* simm 
as if it had been produced from pure iron as it passes thro.iidi tin* Ar.j cluiii'i'e. 
It will have the same properties and (‘han<«:e into « inm at tfie huiw tmit 
perature—viis., 760° C. Tiiat bein^^ the case, wlum those Hteels an* jiI the 
temperature of the line he, there are three phases ur eonstituents exiMiivi 
to^mther—namely, pure /3 and a-iron, and the soliti solution repri*-‘eiiii* i 
by the point c. Under these conditions there is im do'^ns* of froo bun or the 
three phases can coexist in equilibrium only at that parti<’ulur toiiiporaliiru. 
Therefore, the j8-iron is bodily transformed into adnm, and as tin* ftmips'ra- 
ture falls still further a-iron is directly <h‘poHited from the solid stdiifion 
without the intermediate formation of //-iron. 

When this state of affairs has been re.acluxl the subsc pnmt transfuna.i 
tions for the steels of the first group are e.xactly tin* same us those wltitdi 
will be considered for the second. A steel containi g iPbC per ci*nt. of uarbon 
may be taken as a typical example of this group. This steel (T tire Id) 
undergoes no constitutional change after it has solidified until fho tempom- 
ture has fallen to T', 740° C., at which a certain amount id iriUi is forno'd. 
The separation of this a-iron, which hohls little or no carbide of iron in 4i»!u’ 
tion, necessarily increases the percentage of carbon h‘ft in tin* remaming 
solid solution, whence it follows that the temp«*rattm* must again fall bidore 
any more a-iron can be formed. With furtluT cooling tin* i|UHnfify of ir«uii 
present increases, and the carbon content of the solid sfilutimi is progri*HHiv*‘!y 
raised until at 700° C. the composition of the latter corrcspoiiiiH with h*‘M| 
per cent, of carbon—that is, with the eutectuid point c (fig. 7). It is. tlii*rc 
fore, obvious that in all cases steels containing up to 0*00 |M*r cent, of ciirbun, 
when at a temperature just above that of the line d e, cimsist <»f « iron an I the 
solid solution containing 0*9 per cent, of carbon. The relative amiuinl of 
those two constituents is governed by the actual earb«m (’ontont nf ilm 
steel. 

All carbon steels show the Ar,, thermal critical point wliich rorrt^'^pnnds 
with the breaking up of the eutectoid solid solution into adron and cHrluile 
of iron. The temperature of this change is usually abemt TihT U. dim 
magnitude or intensity of the Ar^ change is governed by the amuunt of 
eutectoid solution which is being decomposed. It is hardly m*ccHHary lo 
say that in a steel containing 0-9 per cent, of carbon this rtmeh'es a maximum, 
when the whole of the steel passes through the Arj transformation With 
steels containing from 0*9 to 2-0 per cent, of carbon the changes again <itt!er 
somewhat from those previously considered. As an example of tliin group 
we may take a steel containing 1*5 per cent, of carbon. As this alloy (IJ, 
fig. 43) cools a certain amount of carbide of iron is tlepositcii at the tem¬ 
perature u\ 900° C., and as the cooling proceeds the (piantity carbide 
increases, and the carbon left in the solid solution decreases until at the 
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tem])erature of the line def the carbon contained in the latter is shown bj 
the eutectoid point e. As in the instances previously considered the cutectoid 
solution is then decomposed into a-iron and carbide of iron. 

Jt will be noticed that the line d e /, which represents the carbide change, 
'is drawn as a perfectly horizontal one. This indicates that the Ar^ change 
occurs at tlie same temperature in all steels of varying carbon content. 
Actually, however, it has been clearly shown in the data published by Car¬ 
penter and Keeling that the temperature of this change, as observed by 
taking cooling curves, gradually rises as the carbon increases above 0*9 per 
cent., and in the presence of about 2'() per cent, of carbon it takes place at 
about 20° C. higher than in a steel of the eutectoid composition. The reasons 
for drawing this line horizontally are purely theoretical From the phase 
rule we know that throe phases can coexist in equilibrium, in a binary system, 
only at one temperature. At the Ar^ point there are three phases mamely, 
<%-iron, carbide of iron, and the solid solution of the eutectoul composition-- 
hence, theoretically, this change should take place a,t the same temperature 
throughout the system. In all probability the dilTerences observed in the 
cooling curves are due to supercooling in the case of those steels containing 
less than l-O per cent, of carbon. With steels containing higher pen'entages 
of carbon this supercooling is apparently prevented by the presence of the 
free (*arbide of iron, which forms before the temperature of the Ar^ change 
point is readied. 

There ar<‘. many instances known where the presem^e of an excess of one 
constituent induces the inversion to o(!Cur at the tlu^oretically (H>rre(!t ttmi- 
])erature. Whilst, therefore, it is <|uite in order to illustrate tluj Ai'j (‘hange 
tiy a horizontal line in tlie e(|uilil)rium diagram -which is a diagram repre¬ 
senting tiic temp(‘ratureH at whi<;h the inversions would occur, and the 
(‘ompositions which the phases taking part in those reactions would assume 
if Hutlicient time were allowed —it is necessary to remember that these i<Ieal 
conditions are seldom attained in the ordinary course of cooling masses of 
steel 

We hav<‘ now to consider certain facts which indicate that carl)ide of iron 
is an unstable constituent, and will, under certain conditions, decompo.se 
into iron and graphitic or free carbon. Jt has long been known that iron 
containing about 4*0 p(‘r cent, of carbon, if cooled very quickly from the 
li(|uid state by casting in a chill mouhl, will contain tlie whole of the carbon 
as carbide of iron, Init when cooled slowly practicjally all the carbon occurs 
in the graphitic state. Further, the carbide of iron contained in a quickly 
cooled iron can be decomposed by heating the mass to a temperature of 
about 1,(K)()° C. Hence there is no doubt that iron carbide has only a limited 
range of stability. Even in steels graphitic carbon can be produced (pute 
readily when the carbon content is above 0*90, but with lower percentages 
tills change is brought about only by proloxiged annealing just below 700” C. 
From these facts it is clear that, in order to illustrate the conditions of 
perfect equilibrium it is necessary to introduce some modification of the 
diagram as described. In other words, whilst in that diagram are depicted 
the various changes which any given carbon steel will pass through on being 
heated and cooled at the rates which prevail in most steel-manufacturing 
conditions, it does not take into account the decomposition of carbide of 
iron whicli occurs under more favourable circumstances. Fig. 43 is, there- 
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fore, generally referred to as the inetastahle ftniilihriuiu iliaiwiu of ihu 

iron-carbon system. 

With perfect equilibrium it is couHidered In' miuiy tliiit riirind** 
does not exist in the free state, and, tlierefore, that ronHtitimni Iiiih m* iimmIiuh 
in the true equilibrium diagram. The '‘perhaily stalde ^roi4diti‘m of ilti* 
iron-carbon alloys, as understood by Ileyn, lluer. Ih'iifnlii-ks, liiid 
is represented in figs. 44, 45, and 46. It will bo lluil in vavh *4 

diagrams graphitic carbon is depictetl as one of the wlurii^ hIimiiM 

be deposited from the liquid eutectii* B if the mixture Im* 
slowly at that temperature, while if the cooling lie quirk tli** iiuoin |i»*» atm-* 
supercooled when an artifudal eutertie F m prodiirmi, from mliirh r^ifhidr 
of iron, and not graphitic carbon, Bcparaten from the li«|ii}d m oiir itUHti 
tuent. There is no doubt that this view is in arroniaure with tie’ fioin 



Fig. 46. 

so^ far as they are known. Within the solid solution mnj** '\i/, ilotHr 
mixtures containing less than about 2-0 per cent, of ciirlioii tl o‘t«* miuv 

reason for saying that Benedicks’ diagram (fig. -IG) luore clim.-iv .•.■rr.'N(,uniJ.H 
with the known experimental facts than figs. 44 and 45. Thu.s! fur -•Mtinplr, 
pure iron, when embedded in carbon and hoateti to IMKC will r.-adilv 
take up carbon which definitely indicates that stable solid suItin..«H ..f the 
two can exist at that temperature. This fact is not indicatiKi in figs. 11 and l.'» 

Yet another diagram has been constructed by Upton (fig. 47). wlnt m i s 
no reason to believe that a stable and metastable condition of eiinililtnum 
exists in these alloys. Upton reviews the previous publications ndiUiiiv to 
p concludes that there are three carbides of iron 

FegC, FegC, and Fe^C. It is certainly quite po.ssible tliat tlie. carbide F.-,!; 
may not be the only compound which can exist in this series of alloys, but 
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the evidence Hupporting the existence of Fe^G and Fe/J is very slender. 
In the first place, the inversion at 800*^ C., which Upton introduces in his 
diagram for mixtures containing more than about Id) |>er cent, of carbon, 
is based uj)on the pyrometric work of Garpenter and Keeling, and whilst 
those investigators observed a discontinuity in their cooling curves, a refer¬ 
ence to figs. and 40 will show how very slight it was. It is certainly not 
sufficient to (*onclude that it correspondB with a definite change in the con“- 
stitution of the carbide of iron. Further, the whole of Upton’s conclusions 
are apparently negatived by the fact, which has been demonstrated by 
Arnold, that almost all the carbon of a pure carbon steel containing 1*4 per 
cent, of carbon is in the free state after heating for 72 hours at i,(KK)'^ (I 
and then slowly cooling. 

This fact conclusively shows that carbide of iron, FcsC, is unstable below 



1,000® C., and possibly at somewhat higher temperatures. However, con¬ 
sidering that carbide of iron has been repeatedly isolated, there can be no 
doubt that such a chemical compound exists, and it seems necessary to allocate 
a position for it in the true equilibrium diagram. In other words, there seems 
good reasons for supposing that carbide of iron must be capable of existing 
for an indefinite length of time over a limited range of temperature, otherwise 
it is difficult to understand how it could be formed at all. With the object 
of supporting this contention, the diagram (fig. 48) has been constructed, 
showing carbide of iron as one of the constituents to separate from the liquid 
eutectic, and to remain in a stable condition when at temperatures within 
the lines a 6, cd, and ef. At the temperature, however, of the lower line it 
decomposes into graphitic carbon and the solid solution c. Considereci in 
the light of this diagram, a white iron is forme<.l by the quick cooling or 
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chilling, and not by the supercooling of the liquid eutectic, simply because 
insufficient time has been allowed for the carbide of iron first formed to 



decompose on passing through the temperature of the line e/. The meta-' 
stable conditions axe illustrated by means of the dotted lines. 
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CHAPTER V. 

MICROSTRUCTURE OF IRON.-CARBON STEELS. 

Before turning to the detailed study of the structurid c:on»tituente of the 
iron-carbon system, as they appear under the microscope, it will Iks advisable 
to give a brief description of the (origin of the nomenclature that is used for 
the subject, and to draw attention to the utility of correlating that mm\m- 
claturo with the experimental facts that are known and emliodied in the 
equilibrium or constitution diagram. Sorby, who was tln^ first invoHtigater 
in this branch of metallurgical science, regarded stec*l (wsentially fnun a 
mineralogist’s point of view, and he naturally applied a nunemlc^gicml 
terminology to the microsc^opieal (tonstituents that were disccn'ered in steel. 
Hence, after selecting a name either in honour of some particular wdeiitiit, 
or from an analogous mineralogical constitiumt, the suflix ite ” was attached. 
The terms “ austenite,'’ “ truostite,” sorbit(%" and pearlite ” have since 
been (joined in this way. 

Ah our knowledge of the real constitution of Hteels at all temperatures 
extended, and it became possible to construct a chart or diagram graphieally 
illustrating the whole of the physuml and chemical (dmnges tlirough winch they 
[)aHs as the temperature is varied, it lH*(*ame evident that there were! mam 
names in use than there could actually be found definite room for inside 
the chart. For that and other reasons many keen controveftiiiw have ariiien 
as to the scientific accuracy (»r meaning of some of the terms that have been 
uschI in the metallography of steel As will Imi seen, this state of iiflairH arose 
in no small degree because the micromjopical aniilysis of steel was well 
advanced befc^re tlie general, pliysical, and espcMuallj the tfiermid data 
were any tiling lik(». complete, and also b(»caufte the laws of physical chemistry 
were not seriously applied to tlie study of metallic* alleys until a compara¬ 
tively recent date. In the case of the mm-ferrcnis alhn's, the* nomenclature 
of the structural constituents has been based almost entirely ii|«>n th© 
physk'al data that are embcKlied in the etniilibrium diagrams, which fact 
places the subject upon a firm scientific basis, and eliminates the lit tit 
differences of opinion that are not of vital importam*e, but# which are fre¬ 
quently the cause of serious misunderstanding, unnecoiwiiry cont rovnrsy, 
and obscure the true issues. 

An eouilibrium diagram, if it be substantially complete, definitely indicates 
the numoer of constitiiente that can exist in a series of alloys, and also the 
ranges of composition and temperature in which those constituents may be 
found as stable phases. Of course, diagrams of this kind ilo not in them¬ 
selves establish the precise microscopical formation or ap|>eamnce that any 
particular constituent will assume, no matter what treatment it has lieen 
subjects to, but viewed in the light of known facte in r«^ard to the relation 
of structure to the diagrams, an exf>erienc(Kl investigator is now in a jKwilion 
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to predict, simply by studyini^ the eiimllhmim din-rum, xuih (‘unfidmint 
the type of microstructiire any alloy will show aiftc^r i 1h‘ uuh! vuno I! rtMf immi. 

From the fact that the constitution <hu-ram shi)ws tlir iiiuubt^r 

of constituents of a series, it follows that the miinv and viirm I typ.. uf 
structure it is possible to obtain, in steels and ihher ulii»y,x ivaliy rHrrr.|Hm I 
to transition stages, and are more or less detinitely relate I lu une mm M.m. 
cases two of the constituents that have a plaee in the di.i.T.um In 
words it is impossible to have more eonstituents in a mirr.. ^ fliait are 

represented in the diagram, though it may he. and m sUh.Ih tlmiiti!.‘h i., 
possible for those constituents to ussuna^ wid<‘ly ddh*reiit .stnniural 
It is also a well recognised fact that wh<m tliese dttlereiil appaaramv. nr,* 
observed, they correspond with, and are actually tin* fausi* of. ffuiiiiii him Ii 
hcations in the physical and mcclianlcal properties of llm pjirtinilar ^pin 
On this account some characteristic struetural markiuim Inna* hwn 
names that in some respects convey the itlea that they are 
distinct from the universally accepted eonstituenl'.. Tlieiv ruiild Uv 
disputing the necessity of having names for thuse^ imm 

they are merely modified forms of recognisetl ('onMitmmf^ if tlnn p...Hr, i 
properties sunicicntly well defined, but it wouhl um|m*niioiial»l\ h** ai\4!i 
tageous if tlie selected names, or at least their terminatioiiH. were hh 
as to indicate that the substances they denole^ are !riui*'itioii furiiiH, mid 
if possible, to show their relation to the reeognisf‘d rufinf-umi« 
extent this is now being done by the slow process of evolution mid Md**« 

It would, liowever, be unwise to makt* any devialitm m a IhhiL mI t!ii. knit! 
from the names that are now commonly used in steel meful!o,»rup|jv. 


Constitution of Annealed Steels, 

At this stage no attempt will be made to define the tPiiii liimoulo I 
used in the metallurgy of steel, for in some respects the pimu.Hf imsitiifi* 
implied by that term differs when usoil by dilTerent inveHtigatois, iiimI dep»*iidH 
upon the previous treatment to which the steel has been Hut^jecdod. Ftir tie* 
present purpose it will be used merely to denote that after ridling or liamiimr 
ing the steel has been heated to about IMM)* 0,, kept at that temperature 
for about an hour, and then slowly cooled to ortlinary atiimsplit*ne tem 
peratures. In this way the mass slowly cools through tin* critical point h 
or ranges of temperature, and the constituents take up what may l»* i‘on 
veniently regarded as a normal condition The material i» then said to luive 
been “ normalised.” 

Ferrite, —Ferrite is the name applied to iron when it is in tin* « 
state. It is the only constituent that exists in pure iron which lias been 
slowly cooled below the Aig critical point (760' 0.), and is relatively very 
soft. It was first microscopically observed by 8orby in wrought 

iron. Its micro-structure can be developed by etching in an ahroholic solution 
of picric or nitric acid, when the outlines of the crystalline aggregiitcs are 
seen as polygonal grains (fig. 40). There are three powiilde explanations 
of the fact that the boundaries of the grains appear dark (1) it uuiv 
be due to a differential etching set up by the interpenetration of the crvsl.d 
units at the crystal junctions, (2) a differential etching between adjacent 
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crystals of varying orientation, or (3) a selective etching away of the amor¬ 
phous cement surrounding the crystals. 

The internal structure of ferrite was first developed by Dr. Stead, by 
rather deep etching, when each crystal is seen to consist of a large number 
of cubical bricks or units (%. 32). What is known as massive ferrite is a 
constituent of all carbon steels, containing less than 0-89 per cent, of carbon, 
that have been slowly cooled. In a fine state of division ferrite is a constitu¬ 
ent of all annealed carbon steels. It cannot be definitely stated whether the 
ferrite of steels is exactly the same as that of pure iron. In all probability 
it holds a certain limited amount of carbon in solution. Judging from the 
density and magnetic properties of steels, Benedicks ^ has formed the opinion 
that the ferrite containecl in steels with more than 0-5 per cent, of carbon 



Fig. 41). ‘Structure of Pure Iron Ferrite {Carpenter), x 150. 


difTers from the buiife contained in steels of lower carbon content. He 
concludes that in the. former the ferrite holds about 0-27 per cent, of carbon 
in solution, wliilst in the latter the amount of carbon is much less and pro¬ 
bably varie.s with the percentage of carbon contained in the .steel. Hence 
he has given the name ferronite’’’ to what most other metallurgists describe 
as ferrite contains I in steels with more than about 0*5 per cent of carbon. 
It is impossible to say whether this view is correct or not, but if correct, 
it may lie connected with the fact that the whole of the ferrite contained 
in steels with more than about 0*45 per cent of carbon is directly deposited 
from the y-iron solid solution, whereas, in steels with less carbon, some 
fi iron is first formed, and then subsequently transformted into a-iron. 

When etchcAl in picric or nitric acid aolutions, the ferrite of steels appears 

^ Iiechfrche,H Phjftique^ et Phj^ico-Chcmiqnes sur VAcier au Carbone, 
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Fig. 51.—0'.30 per cent. Carbon Steel. Ferrite ami I’rarliti 







53.—()’6() per cent. Carbon Ferrite anil Pe&rliti'. 
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Fig, 54.—0-73 per cent. Carhon Steel. Inherit e atiti Prarlite. > 150. 



Fig. 55. 0*85 per cent. Carbon Steel. Ferrite and Pearlite. 


X 150. 
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almost white. It is shown in figs. 50, 51, 52, 53, 54, and 56 as white areas 
in steels containing respectively 0*20, 0*30, U-45, 0-60, 0*75, and 0*85 per 
cent, of carbon. 

In many steels containing elements other than iron and carbon, the 
ferrite nuiy retain some of the added element in solid solution, and its pro¬ 
perties would accordingly be modified. Even in cases of this kind it is 
customary to refer to the relatively pure iron as ferrite. 

Cementite.-”- -Carbide of iron or cementite (Eo^O) is the only chemical 
compound of iron and carbon that has been definitely isolated from annealed 
carbon steels. This (constituent was first seen under the microscope by 
Sorby (1863), and is e.xcoedingly hard and brittle. It is strongly electro¬ 
negative to ferrite, and in specimens containing the two constituents, when 



Fig. 50.—1 *20 per cent. Carbon Steel x 150. 
I>ark arenas »- Fearlite. 

Light „ = Cenaentite. 


etched in nitric or picric acid solutions, it is left practically unattack^ 
(see fig. 56). Cementite is present in all slowly-cooled steels. In those 
containing less than 0*89 j>6r cent, of carbon it exists as irregular-shap^ 
laminated plates along with ferrite, whilst with higher percentages of carbon 
it is present in the massive form, and is seen under the microscope as a white 
matrix surrounding areas which are dark when the specimens have bean 
etched with nitric or picric acid solutions. The thickness of thwe cementite 
boundaries increases with the carbon content. 

Strictly speaking, ferrite and cementite are the only definite constitueiite 
of slowly-cooled carbon steels, and these are respectively represented in 
the eejuilibrium diagram by the vertical lines ABF and H J (fig. 57). When 


58 


THE I’HYSICO-CHEMK-AI, PBOl’KRTtKS <>E 8TKKI,. 


these two constituents are associated together they «nf rise to a nui«}«-r 
of characteristic and more or loss rcfjuhir juicrostructurcs. which i.nu-tu-iiliv 
determine the actual physical properties of the mass. It is. thiTcfon*. h.ith 
convenient and necessary that those apja-amnees shmihl have names by 
which they can be described, but whether these names ah.mhl (erniiimte 
with “ ite ” or “ itic ” is a matter of opinion. It is of very little eonsoqueneo 
so long as no misunderstamling arises as reganls the lutual moamna of 
the terms. 

Messrs. Campbell ami Kennedy* have rviilrnre wldrli mHmm 

to indicate that a carbide of iron, h>gi\ is also premoit m iiiixttirrii rtm 
taining high percentages of carbon. They are of the ti|iinion that iIih coiii^ 



pound separates from y-iron solid isohitioiig cciiiliiiniiiL^ iiiifri* flmfi fitmiit 
1-0 per cent, of carbon. ProIonge<i annealiii]; at nimlfniifi) hm ffmi|fr 4 !ftri*.*i 
(say just below 700^ C.) brings about the <!iieoisi|M»«ifi«#ii of ffniriiiifr mifli 

the formation of ferrite and graphitic carlKin. 11iis n^iirintii on pvm 
at higher temperatures in pure iron-carbon Htecls runt,tiiiink! than 

0-89 per cent, of carbon. Thus Arnold hm shown tlyit afirr iiniinilin- a 
147 per cent, carbon steel at imf Ih b>r 72 hinm foiltniml by nhm 
it contained M4 per cent, of free or graphitic carbon. ,Sfrrlf4\%if|i \vm ftiiin 
0*89 per cent, of carbon do not behave in this manner on iinnraliiiv at 
which is no doubt due to the carbon being in solution at that t 4 Uiipr rut lire. 
The pronounced decomposition by annealing at l^tMur th, m ifidiriifi‘d by 

^Journ. of the Iron and met Imt,, Ko. 2 . 
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Arnold’s experiments, is probably due to the fact that with 1-47 per cent, 
of carbon son^e of the carbide still remains in the fn*e or undissolveil con¬ 
dition, and is thereby more readily decomposed at the high tem{>eratur#. 
The free carimn thus formed then accelerates the rate at which the carbide 
(which subsequently falls out of solution as the mass cook) breaks up into 
its constituents. 

Pearl itc,—Pearlite was the term introduced by 8orby (1863) for the 
pearly areas of an etched annealed carl>on steel. Although metallograpliem 
agree, both as r^ards the utility of this term (whhdi itnplies that it is a 
definite constituent) and the constitution of the structural appeiiram*c» to 
which it is applied, it is necessary to note that f>eiirlite is not a simple con¬ 
stituent. The dark pearlite areas in figs. 50 to 55 consist of two conatit4umts, 
ferrite and comentito, usually arranged in lamellio, in the pro|K>rtion nq»rc«- 
sented by the eutectoid point I) (fig. 57). These areas correspond with 
that part of the steel which contained t)-8i) per cent, of carbon in soliil solu* 
tion immediately before the Ar^ change occurred. Tin*, cxc-chh of ferrite 
in steels containing less than 0*89 per cent, of carbon H<*parateH, on ro«>ling, 
at the temperatures indicated on the lino B C 1), whilst the excess rarbim 
in steels containing niore than 0*89 per cent, is similarly depositetl at tem» 
peratures on the line I) K. Hence tlie curves BCD ami D E are really 
temperature-solubility (uirves, which indicate respectively the scdubility 
of iron on the one hand and of carbide of iron on the other, in the m»hd 
solution. 

In all cases, tlierefore, it is evident that the pen'.entiige of carborj in 
solution just before the Ar^ change takes place is 0*89, corresponding with 
the point at which the two solubility curves intersect each other. Further, 
as pearlite is produced by the simultaneous deimsition of ferrite and cement ite 
from the eutectoid solid solution, at the temperature of the Ar^ change, it 
follows that the field of a true pearlite area contains exactly the same amount 
of carbon~»vk., 0*8!) per cent. 

Pearlite etches dark both in the presence of massive ferrite and of cemen- 
tite, owing to the relatively fine state of division of its constituents, wiiicli 
cause the electrolytic^ action of the etching Hoiutions to f>e concentrated 
thereon. 

The granulaticm cd pearlite and of its two cemstituents varies between 
the infinitely firm and the excessively coaim Frcmi the very nature of its 
origin and constitution this is prwisc^ly what would be cixpettted. It is 
formed as a result of the dwomposition of ii liomogeneous solid soliifion 
at the temperature of the Arj |K>int. Just before that change the iron is in 
the 7 state, when it and the iron carbide are culpable of mutually liolding 
each other in solution. The disintegration of this solid solution iakcH place 
at one temperature througliout the whole mass, and is completed in a 
relatively very short time. Immediately lielow the Ar^ }K>inf, and after the 
inversion is complete, tiie masB consists of a-iron and emrbide of iron, but 
at the initial stage of separation they are in smdi an exceedingly fine Htaie 
of division that, if by any means they be kept in tfiat condition uui/.. by 
suddenly cooling the mass—the grain of the two cunistituents woulii lie 
ultra-microscopic. If, however, the mass be kept at. a tem|>erature just 
below the Ar^ point, the fine partkdes of cementite c'oale«*e, ns do t.he 
particles of ferrite, first forming very thin alternate plates of the two 
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constituents. If tlie time be prolotigcd the.se plates become U'i'-kcr. an.l 
finally tbe cementite becomes usolatod in luree patebes .stiirounded b\ ferrite 
crystals. Between the two extreme forms ulmo.st any di'uree of t.mmess ean 

be obtained by suitably varying the rontiitiHUN in ivjard t»i fiiu* aiiti !i»m« 



Fiif. 5S. Vviirliiv i.itetn, 



Kg. 59.—I'earlito and Comontito. l-.’7 iwr taait. (WImiu (o,,,, .a./), .• l.iKtl 

perature. Under normal conditions the pearlile of ateel.s eoatainim' leas 
than the eutectoid percentage of carbon is rather finely laminale.! (see dark 
areas of photos., figs. 50 to 55). In steehs containing more mirbon tiie pe.irhte 
is usually of a coarser character (see photos., tigs, 56 and 50), 
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From what has been, said, it will be readily iimleratocxi that |>c«irlit© 
is not a true constituent, but a cliaracteristic appearance of two totally 
different constituents when associated together. Fearlite may l>e reprti- 
eonted in the equilibrimn diagram (fig. 57) by the eutectoid |K>int D, or at 
existing inside the area B'' G H J. 

Sorbite or Borbitic pearlite is a finer form of pearlite, which may bn 
r^arded as the transition stage between troostite or troostitic |>earlite 


, |/V 

,11 '* 

■ 'H .. 



t * , 

i jt? S, 





Fig. 00. '“'Horlntio Pearlite {(Mmotui), :% I/HM). 

and normal pearlite. Its ap|)earance under high magnification is shown 
in fig. 60. 

Constitution of Quenched Carbon Steels* 

It is now necessary to des(.'ril>e the constitution and structure of steel 
at temperatures higher than that of the ordinary atmosphere, and the changes 
that occur with varying temperaturos and varying rates of cooling from those 
temperatures. 

In the j)revious sections it was pointed out that there are itmrkai breaks 
or discontinuities in the thermal pr(>|>ertieH i>f steels at certain tem|>erat tires 
which correspond with internal molecular or intercrystalline changtia. 
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Directly to determine the nature of tliene rhan^en by niirrtmrn|»iiiilly ulmrvmi* 
a prepared section of the metal while panHin^^ thnnigh the mfiejil feiiipemtitre 
is a problem that has not yet been mwemhilly hoIvihL Ileitn^ iht* mvtlmh 
in use for ascertainin^i: the alteration of strueture tlial aM-mapann^H 
thermal arrests are all more or less imiireet. The uieflitHt in nitmt ^nuiera! 
use for ascertaining,^ the type of structure ptw.Hasseii by a nietiil at aiiiy eiven 
temperature is to heat a small section to the desired feinperiiftire und ufter 
allowing sufficient time for e(piilibrium to \m e.HfiibliHhed. riipail) to nml 
it by quenching in ice-cold water or any other Miitable nieiimm. 1‘!ir laliiiity 
of this method depends upon the assumption tliat tlie eiuisfitiiiituiid i li.tnees 
through which the alloy would pass with slow rultr of anihnii are *oi|»|ii,-s,**d, 
and the structure and constitution it fhim posneHM-d «r,* ihereb^^ fetaineih 
and can then be examined under the mirnmeope. Idw fbeoniiial i*\pLtna 
tion of the process is as follows 

With quick rates of (‘ooliug the tempeniture af whu b «ii 
place is lowered; the general term applieil to tlii.n lottrriui» ih ; 

as the rate of cooling increases the degree* of hupiu'roolim' im reani-s, aud iibo 
the velocity of the inversion, until a certain rate is tnu he i. \\h*-u f bo \rli« ity 
is at a maximunL After this condition has been rearhe«l the \e|iH if ,|j|if l4ly 
diminishes with the increasinl rate fd coolinin and ttifli Hufle loiit Mipi-r 
cooling may actually become K(‘ro. Witli sueli eondiliouH ;ih rekoirtb^ qiini. fnir,® 
rates, the suppression of an inversion would be roniplete. and tin* 
tution of the metal after tpienehing would be tlm ^itnie in \\lieii it wa ^ :tb*»\« 
the normal temperature of the inversum. It would tlien bi* what n -nmo 
times described as ‘'stereotyped/' It is, ho\uwt*r, iiioi:ieiHaiy fu 
the important fact that, although tlie physirtM’Inumui! nuiHtiiuti.iii pro 
vailing at the high temperature can be retained tiown to ifte Midui.irv fom 
perature by this moans, it freijuently hitp|Hms that tie* iippi^araie r iin MHUi 
under the microscope is remarkaldy dillerent. In wurdn, a diilormre 

of structural markings does not ma-cHHarily indiraft* a ditlomi* o of i»»fi 
stitiition. It ought to be noted here that there are iiipfuiiblrdh ihniiial 

critical points that have not so far been HU|»preH.Ht‘d. ovm with iho liiont 
drastic quenching yet adopted. Timre is in-ery reaHiui ft»r l•o|l*^l«b*rIl^v that 
the Arg and Arg points in pure iron belong to linn rIaxH 

The so-called constituents or Ktruefunil appt‘aranta»4 iluif hinn bi^mi 
observed in polished sections of steel that have been prr\ ittimly quern le‘il 
are known by the following names 

1. Alartonsito flardenita. 

2. Austenite, 

3. Troostite or Troostitie pearlite. 

4. Sorbite or Sorbitic‘ peariite. 

Martensite and Austenite.—For tnany reasons tbcM! two con¬ 
stituents may most conveniently be considercKl at the same time. 

Martensite. —This term is used for a special tVjHi of stniciure. which 
is obtained by quenching carbon steels containing up t« Fu per rent of 
carbon from temperatures above their highest recalesrence point, when the 
whole of the carbide of iron is in solid solution. When pro|ieriy «|Ufnc’hiiii 
from these temperatures the etched surfaces of the are found to have 
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Fig. C2. —Oueiicliwl CarlKin SUteln. Martciiaitc. < 1,000. 
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what is frequently called an acicular or nitnrlarin.q nmllo hko stnictiire. the 
markings of which are often disposed in triangular lurmatn.n (see tii-s. (,1 
and 62) From the fact that small sections of steels contuuiiug less than 
1-0 per cent, of carbon, when suitably (luenched, pivseiii only this acieulai 
martensitic structure, it follows that thes.- markings are in smne way relate,! 
to the solid solution of carbide of iron in y-iron. 1 he hardne.s of .steels t hat 
have been quickly quenched and are entirely inurten.sitie vanes con.-mlerabiv 
and depends almost exclusively upon the pen-entai-e of carbon they I’ontam 
With low percentages of carbon the martensitic constituent i.s relatively 
very soft, but with about O-tK) per cent, of carbon it is an mten.sely bard 
substance and easily scratches (juartz. Martensite is magiu'tic. 



Fig. 63.—Quenched 1-67 par cent. C’a.rl>o« 8twl {(hmmMi} 

White Areas Aiwteritte. 

Black „ - Marteniiite. 

Alcstenite .—This constituent can only be oljtaineti in rarbnn nju 

taining upwards of l-U per cent, of carbon by very rfipici from 

temperatures above 1,000'^ C. With pure carbon ilatik it lta« iitn'cr la’cn 
obtained in a pure state; it is always associated with iiiore fliitn |h*i 
cent, of martensite. In the presence of martensite, austenite usually nmmmh 
white after etching. It is generally considertxl to Ih^ non-ma;imuic. Tin 
white areas in fig. 63 correspond with austenite, iumI tlio «iark wilii iuart#iisit«* 
As regards the true constitution of martensite and austenite, opinifui- 
are very much divided. The chief points of the many suggest ions that lime 
been made are given below i-— 

1. (Osmond and others) a solid solution of carbide of iron in iron in whirli 

the iron is partly ^ and partly a. 

2. (Le Chatelier) a similar solid solution, but the iron in cldcliy in the 

a state. 
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3. (Benedicks) a solid solution of /S-iron. 

4. (Arnold) a compound having the formula Fe 24 C. 

5. Twin crystals of the y-iron solid solution. 

In regard to Nos. 1 and 3, it may be pointed out that they do not appear 
to be of any value, nor do they seem to have any support from theoretical 
reasons or experimental facts. ■ 

As regards No. 4, there is no doubt that the eutectoid steel containing 
0*89 per cent, of carbon corresponds with the formula Fe 24 C, but that alone 
cannot be regarded as proving the existence of such a compound. Many 
eutectics of metallic systems possess compositions that correspond with 
chemical formulae, although it is not usual to regard them as being necessarily 
definite compounds. It must, however, be admitted that both eutectics 
and eutectoids may ultimately be found to be in a kind of loose chemical 
combination, which are only capable of existing in the liquid or in the solid 
states respectively above their particular critical temperatures. Be that 
as it may, it does not affect the question of the constitution of martensite 
obtained at ordinary temperature by quenching steel from high temperatures. 
The real point to decide, if possible, is whether the martensitic markings are 
formed as a result of a partial decomposition of the pre-existing solid solu¬ 
tion with the consequent formation of a certain amount of a-iron, or whether 
they are due to some other cause. 

In this connection there are certain fundamental matters of theory 
which ought to be carefully considered before drawing conclusions from the 
actual facts. These are :— 

1. Is the process of very rapidly quenching—e.gr., a small section of a 
steel containing 0*9 per cent, of carbon, by almost instantaneous immersion 
whilst at a temperature of about 900° C., in ice-cold water—sufficient com¬ 
pletely to suppress the Ar^, the carbide change, and thereby to secure that 
the specimen shall retain the constitution it possessed at the higher tem¬ 
perature ? 

2. What is the cause of the characteristic acicular markings ? 

3. Is martensite microscopically homogeneous ? 

4. Why is a quenched steel consisting entirely of martensite always 
magnetic 1 

Before attempting to answer these questions, it will be well briefly to 
study a series of alloys that are in many ways analogous to carbon steels. 
By doing this the subject can be criticised in a broader light, and the evidence 
obtained, though only of a circumstantial character, may be advantageously 
considered in framing answers to the above questions. The alloys of copper 
with aluminium containing from 9 to 16 per cent, of aluminium undergo 
very similar changes, both thermally and structurally, to the carbon steels; 
moreover, the structure of these alloys after they have been quenched from 
temperatures above the thermal transformations is practically identical 
with that of martensite in quenched carbon steels. That part of the con¬ 
stitutional diagram which corresponds with the particular aluminium-copper 
alloys under consideration is represented in fig. 64. At temperatures inside 
the P area the alloys consist of a homogeneous series of solid solutions, which 
are analogous to the y solid solutions of the iron-carbon system. On cooling. 
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these solid solutions pass through changes that are essentially of the same 
nature as those of steels. At the teinperaturos on the liiio A B a crystals 
that are relatively rich in copper separate from the /I solid solution in c^xat'tly 
the same way as practically pure iron is depositeil from scjlution at tem¬ 
peratures on the line BCD, fig. 57. With alloys containing more than 
124 per cent, of aluminium~that is, those which fall to the right of the 
eutectoid point B, fig. 64—y crystals relatively rich in ahiminium separate 
from solution at temperatures on the line BC in a similar manner to the 
separation of carbide of iron at tcunperaturea on the line ]) E, fig. In ail 
cases as the temperature falls the composition of the /i solid soliititm approxi¬ 
mates progressively to that of the eutectoid pcant B, and when tht» teiii|K^ra** 
tuxe of the line D B E, 56U'' C., is reached, it corresponds exactly with lliiit 



point. At this stage there is an evolution of a considerable amoimt of heat, 
suMar to the point of c^bon steels, and the fi constituent breaks up 
odily mto a and y. Thus, in both series of alloys, the solid solutiiuis umlergo 
exactly the same type of thermal and constitutional changes. The itructure 

of a slowly-cooled alloy containing 10-0 per cent, of aluminium is shown 
m ig. 65. The spie alloy, after it has been quenched from almvo the tem¬ 
perature of the Ime A B, fig. 64, gives a structure shown in fiK. 66. This 
mterlaci^ acicdar structure is almost identically the same as the martens¬ 
itic martongs of a quenched carbon steel. When it is remombeml that 
from a physico-chemical standpoint these two series of alloys are analogous. 
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Fig. or>.‘ Shnvly 



Fig. 611 -Qaeiichcni frcim IM)0“ C. {CarptMter arul Edmtrd^), 

Cop|>er 00*0 per conk 

Ahiminium =: 10*0 ,, 
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Pigs. 67 and eS—'^n Crystals produced hy OuenchifiL- s 

obi.„» light .t Ditani a's;"®,, 


Ari'ii 
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Fig, 69.— X 250. Fig. 70.— x 250. 

Figs. 69 and 70.—Twin CrysUU produced by Quenching. Same Area taken under Obliijue Light at different Angles (Bdwris). 
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the structural resemblance of the quenched specimens is not very surprising. 
In the case of the non-ferrous alloys, no difficulty has been experienced by 
metallo-^raphers in arriving at a general understanding as to what such a 
kind of structure should be called. They simply describe it as the /3 con¬ 
stituent, which, strictly speaking, means that it is the type of structure 
pecuhar to the alloys that have been quickly quenched from temperatures 
at which the jS constituent was stable. This kind of nomenclature is abso¬ 
lutely non-committal, yet it conveys a definite and accurate idea of the 



Fig. 71 .—{Carpenter and Edwards), x 150. 


treatment to -wHcli tlie specimen has been subjected, and is a safe foundation 
upon which to graft future experimental facts. Further, in the particular 
instance cited, it has recently been proved that this procedure is indeed 
■wonderfully accurate. For many years the acicular structure was universally 
spoken of as the ^ constituent, without any serious question being raised 
as to why this apparently duplex structure was always produced and still 
regarded as one constituent. It was suggested by the author ^ that this 
apparently duplex structure was due to the solid solution crystals 
which are homogeneous and individually of uniform orientation at the 
temperature from which they were quenched, becoming split up into 
many twin crystals by the strains that are set up in the quenching process. 
A'b a later date ^ the author proved that the light and dark markings were 
m^ed (^used by prohfic crystal twinning, and that these quenched specimens, 
although seemingly hetrogeneous, are actually homogeneous. 

^Joum. Iron and Steel Inst, 1910, No. 2. 

2 Zeitschrift fur Metallographie, No. 1, 1913. 
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Kgs. 67 and 68 were taken from the same area by tbe use of oblique 
light with the source of light differing in the two cases by about 180°. In 
this way it will be noticed that the various light areas become dark and 
mce versd, which clearly demonstrates that the degree of lighting can be 
varied at will,, as it is merely due to the angle at which the rays of light 
strike the numerous twinned facets, of which the crystal grains are composed. 

Those copper-aluminium alloys, which fall to the right of the eutectoid 
point B, fig. 64, when quenched from high temperatures, also show a micro¬ 
structure which is remarkably like that of the austenite and niartensite 
of quenched high carbon steels (see photo., fig. 71), and compare with that 
of fig. 63. This also has been shown to be due to crystal twinning (see figs. 
69 and 70). 



Eig. 74.—Oblique Light, x 150. 

Judging from analogy, it is, therefore, quite natural to expect that the 
operation of quenching carbon steels will bring about pronounced crystal 
twinning, and that the acicular markings of martensite are connected with 
this twinning. As shown by Prof. Carpenter and the author,^ this expec¬ 
tation has been justified, and from figs. 72, 73, and 74 there can be no doubt 
that martensitic markings are caused by crystal twinning. ^ As to whether 
there is also a certain quantity of a-iron present in martensite, it is at present 
unsafe to make any definite conclusion. The presence of ct-iron would account 
for the magnetic properties of martensite, but, on the other hand, these 
magnetic properties do not definitely indicate the presence of a-iron.’ It has 
been suggested by Prof. Carpenter and the author that the magnetic pro- 

^ Journ. Iron and Steel Inst, No. 1, 1914. 
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perties of martensite may be due to the formation of amoa^hous layers 
upon the surfaces of slip or twinning produced by quenching. 

Before going any further into this question, it will be well to give a brief 
account of the work that has been done regarding the constitution of 
austtmite. 

L Osmond first demonstrated that a 1*6 per cent, carbon steel quenched 
in ice-cold water contained about 60 per cent, of white austenitic areas 
(fig. 63), and that, according to the scratch test, a specimen of this kind 
was slightly softer than a quenched 0-9 per cent, carbon steel containing 
only the martensitic constituent. 

2. The same investigator found that by cooling in liquid air an austenitic 
plm martensitic steel, the austenitic areas become transformed into martens¬ 
itic areas, and as a result the magnetic in^nsity of the mass was increased. 

3. After stating that there is not a single cause for assuming a different 
empirical composition between the tnartensitic and austenitic areas, and 
that the difference in their properties is <lue to y-iron being the phase present 
in the latter, and (probably) //-iron in the former, Benedicks ^ says - 

If one examines a specimen with this characteristic structure, one really 
is led to ask, What is the reason that the specimen does entirely pass over 
into martensite if martensite corresponds bettor to the thennal equilibrium 
on quenching ; or, on the otlier hand, that it docs not remain as austenite, 
if austenite corresponds with the thermal equililmum on quenching ? Cer¬ 
tainly tin? (lisHolved carbon has a very large influence on the preservation 
ot the mi.xed crystals as austenite, but, on account of its even distribution, 
tliis inliuence must necessarily be the same througliout. 

The answer to this question would not ap|)ear to require much seeking. 
It wss first shown by Osmoml that martensite, which has been formed 
from austenite by cooling in litpiid air, has a larger volume than the austenite 
(standing in relief on the previously plane surface). Further, the dilato- 
met.ric* wc^rk of Le Chatelier, and of Charpy and (Irenet, has shown that 
the transformation from y to // (as well as to a) iron is accompanied by 
dilatation. I’hcse two facts clearly demonstrate that the passage from 
austenite to martensite is accompanied by a considt^rable increase of volume. 
It is obvious that the pressure necessarily resulting from the iiKU'ease of 
volume at the transfcuauation from austenite to martensite must have an 
extremely important influence. Already by the cooling of the outer portions 
of thc3 specimen the interior must bo subjected to a high pressure (even if 
here tise y state steel existe exclusively. When, further, a portion of tiieso 
y crystals in the interior is transformed into martensite, this must result 
in a cousitlerabie increiise of the pressure. The transformation of austenite 
inttj mart.enHite cannot, therefore, go on beyond a certain limit, where the 
increase of pressure (corresponding to the increase of volume) will put a 
stop to further transformation of the y crystals. Bo these crystals will bo 
prcHerveii m auRtonite in their non-magnctic state at ordinary temperatures.'’ 

The abcjve cpiotation constitutes an excellent summary of the views held 
by BenedickH and others m r^ards tlie constitution of austenite, and to some 
extfuit of martensite. 

Boine of the more important points in favour of the idea that martensitic 
^Jmmh Iron and Sktl InsL, 1908, No. 2, p. 273. 
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und austenitic areas are twinned crystals of the Mine roust it iieiit iifr iurluikiil 
in the following quotation from a paper hy Carpenter ami thit iiutlmr : 

“The fact'that the so-called aimtenitie areas of quenrliecl i^tirbon skiei 
appear to change into what are regoirded as martensitir arean whm iiiiinem^i 
in liquid air, is quite consistent with the idea of twinning, hec^aiwe tini vxtm 
strain put upon the mass would cause further twinning piirlinilarly in 
areas (austenitic) which had ])r6viou8ly cscapaii tins rliaime. It is iilsii of 
some importance to note that the relief patterns prmiunst on polishmi 
specimens that have been cooled in liquid air do not neressarily imlirafo 
tha.t there has been an actual inereaHO in iis a iiiaUrr of fart, 

exactly the same kind of relief forms are produnni wlwm pre\niufi!y 
specimens of the copper-aluminium alloys, iilremiy referred to. «f«t i|iiriteliei| 
from temperatures above their hi|(heKt eritiral p«iiiif, but tin* sperinnnw 
so treated actually occupy a smaller volume than if they wep^ .nfowly rooletl. 
Even if it is found that these speeimeurt oeeupy a .Hfigliily Lirgi^r volujiie ilinn 
before being cooled in li(|uid air, it would agree with the fjirin ri*Litiiiif fo iho 
change from the crystalline to the amorphous roudiiioii. Ihulby 

has shown that this is accompanied by an inerciwe in volmiii', 

“As regards the nomcxistenee of airsteuitit- areiH iii ilio %iirldrv '>4 of n, 
quenched steel, it may bo pointed out that exarflv ihr 4p|ilii*« tu 
of similar appearance in tlie copper-aluminium lillovH'. We fmu’ 
noticed that in those alloys very (|uiek «|Uenehing rale-i |»roihi«r ihiii twin 
lamellae (like martensitic areas), whertuiH with sIowit \rlori!»ea 

the same sized specimens would show mu*’h larger {rurr.-qiun t,i 

austenite). This is rather a significant fad, in \ifw of tth.ii hmi beiui mu I 
about the increased pressure of martenmtir arean at flu* Hiyf.in* |♦rtnlUl!lll■; 
the austenitic transformation in the interior. If the ret«uifiim of iiiifihmiie 
is in any way due to the pressure of the inariemHitir imniH, thvn ii migiit 
to be possible to obtain almost pure austenite in cyrtaiii parl.n «*f tin* .ip*riii4rii 
by arranging to produce a positive pressure in tin* interior the iihihh as 
well as on the outside. Thus, by allowing the rarl»id«t ehaiige to taki* jilaeo 
in the central part of a specimen, the increaw^d voliiim* wlneh would ilnui 
occur in that area would exert a kind of back presanre upon ihi’ iiiif raiisforined 
material surroundi]^ it. Hence, as it i« possible fo tiblmn from t,, To |„.r 
cent, of the austenitic areas without any of the cuirlmbf elutiigi* lia\ 111*5 tukiui 
place in any part of the mass ; if the prcHsure of the niarteiiHifir jirouM h tin* 
cause of the retention of the austenitic areas, it oiighf fo be piiKhibli* tu uhutm 
much more^ of the latter when both thcHo presnures are o|»*raliiig m ihe 
same direction. Up to the present it has not been pu.HHible to |ir«wliir»+ m any 
part of a quenched carbon steel more than about 7ti per f‘enl. of the iiiiHiiuniir 
areas. This is a very significant fact, for if the ctfled is dm* rr \ atd 1 «iimtng. 
it can never be possible to obtain a purely ausftmiiie ntrlnui at liiti 
ordinary temperature, even with the quickest posaiiile rateH id i|iieiif!iing, 
In the present state of knowledge, therefore, we are of the cquniiui tlmt llieru 
IS not a single fact which proves that tliere is any differencti wtuifevor m the 
constitution of maitensitic and austenitic areas,“and, furllii*r. ilmt no fuiiH 
can be advanced in support of that view, which are not also quite uh reiidilv 

effects are due to cTystid twinning, dn liie 
other hand, whilst it has not yet been definitely estaidishefi f hat the imirfeiiH. 
itic areas are really twin crystals of austenite, this view is mit onlv ratwniih 
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)ut is supx:>ortcd by tho facts relating to other alloys which are of the same 
)hysico-cbemical nature/' 

Dr. Benedicks has made some interesting observations upon the electrical 
noperties and specific volumes of quenched steels (see fig. 75). He has shown 
hat the electrical resistance of troostite, which is the first product resulting 
;rom tho decomposition of the slowly-cooled y-iron solid solution, is the 
lame as that of pearlito. Further, tho specific volume—that is, the volume 
)ccupied by 1 gramme of steel—is the same for pearlite and troostite. When 
nartensite is formed by quenching from high temperatures, the electrical 
resistance and specific volume are raised very considerably above that o[ 



troostite. As regards tho specific, volumes, these facts are rather significant. 
For example, it has been demonstrated by Le Ghatelier and by Charpy and 
Grenet tliat the transformation on cooling through tho change, corre¬ 
sponding with the formation of troostite from tho y-solid solution, is accom¬ 
panied by a marked increase of volume. This definitoly imlicates that 
troostite occupies a greater volume than the solution from which it is formed. 
Troostite may, therefore, be taken as representing tho condition with the 
highest specific volume for slow rates of cooling. Hince, however, martensite, 
winch is obtained by <|U6nching, has a greater volume than troostite, it also 
follows that it must have a larger volume than tho initial solid solution. 
Hence, it is natural to conclude that marienBite cannot be of tho same 
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Physico-chemical constitution as troostite. beraime a vtiriiitiuii lu tlw of 
crystal in the latter case does not give rwo to a rhiiui»,o ui n4mtw. Ilia 
explanation which appears to fit in witli the fads. iuhI ih m ii-raaiiinif miili 
other theories, is that martensite correspcmds to th*^ y iron nahd HuluUm, 
which has been very severely strained in tim uml t mt iliin 

deformation increases the volume in the same way iw ndd wurkiii.^ of mHak. 

Troostite.—This constituent mm first dwroveml by tinifnuiti,^ wlm 

named it in honour of the French chemwt/r roost. 

Troostitic areas in specimens rapully Imrome hliiek wlirii |»Lo m 
etching solutions, and on this account its run i»i* fris|iioii!l„^ 

without a microscopic examination. When viowml^ ilo^ uia lu:.! 

it appears as dark furled-like areas, ns seen in Vf» afid 77. windt 

Osmond described as nearly amorphous, aiul sleilitly ^^ruiiiiLiti-d Tihohuih 
can be obtained in almost'any steel, no miittor wita! flio ti.iitnii. 

by modifying the temperature from which tie’ uro hr |. or 

the rate of the quenching. It can also be obfitiiitni lt\ liratiiii* sir,iti»Mroi.- 
or austenite to 4()(f 0., oFeooling to the Umiperaf iin' of an 

Originally Osmond considercal troostite to rorri's|ioiiil it* '»t*ia** trairoiMrv 
association between /biron and carbon, Arnold^ lii-Hriibi-H if .h riiiyluip-i 
carbon present in an exceedingly him state^of diviwion m fniiprird , 

and Roberts-Austen’s^ ilefmition was pradinilly the ‘nime Llr,if.-hrr• 
saysTroostite is probably a solid solntitm, itillrrii*;,* from mufripoL^ 
and austenite in being magnetic at its teiiiperiitiirc id foniptiiofi ||*o, niun ^ 
formed the opinion that troostite. was a form td cjirbonlr-r. ifuu piid .4*. 
properties, particularly its black colouring on eli'hntg. dilirr hm ipiii h li.fiii 
a-iron, he conclude that it was //drum Almost iiiimi*dni!rh alirr K«rir 
batof!® showed that Boynton’s views were iinleiiatile. and ^oiL'.jr.-.frd flmt 
troostite was a solution of idementary carbon in iron. 'fliiM idr^t \%.v'k iioftinrr* 
refuted by Benedicks,’ who holds that everytliiiiu we now knoa |Hmif > to 
the fact that Osmond (|uite correctly defined troojititr m an iiifrmjrdi.ife 
form between martensite and |Hmrlitt». Befwt*«ui tr«»i»?^!i!o pud 
there is a continuous transition, and one is niitiiriilly b-d !»• thr t .m* In pun 
that troostite is a pearlite with nItraTnieroHi'o|iiriil!y ?omill pitrfi*!*” »if 
cementite, and that the iron is in the /I or a sfaii*. In iitldifmii, llmr In k-i 
made a most interesting suggestion to the eflect flmf tr«»*•-»!if m 
the domain of alloys, an interesting analogy to rolloal Holiiti«*ir4 I 

in the light of more recent researclies, tliis t^dloid hn’* had 

support, though it must be mentioned that Infer wnfem »n|»ri'v«^d 

the same idea in somewhat different language, in a very valmibli’ |»irr,* m! 
work, in which many new facts are brought in liglif, MTnnrr* ludci 
(1st) that troostite consists essentially <ff adron wlindi m iii ilio 
condition, or which has not yet attairuMl its erystiillmr ntal** of liTfiti’ .uid 
(2nd) that troostite contains carbon in Bus|Hmsion, mid not m Milaimii. i.yi 

^ Bulletin de la SociM d*EncaumgeMtni jfmur timlmine Suiumnk^ 

* Proc, Inst Civil Engi,^ vol cxxiii., IS^S-lk Part I. 

» Proc. Inst. Mcdk. Engs., IB00, p. 35. 

* Bulletin de la SockU d*Encoumgemeni, IIHMI, p. fMII. 

^Joum. Iron andSted ImL, HK14, No. 2, p. 2<I2. 

« Bevue de Metallurgie, Fob., p. mi 

’ Jmim. Iron and Eteel JmL, 1005, No. il, p. 352. 

8 Inst, of MecE. Engs., 1910, p, 1603. 
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carbide of iron. M‘Cance haH roiu-hwively proved that the iwriiieiibility yf 
quenched or tempered BteolK in ^^reater an the uimmnt of trooMlife thi'j canitiiin 
increases, which indicates that the iron ccJiitainm! ihenin h in the a iiud not 
the /S"Condition, as Benedicks suggested aa a pos.sdniity. U illi fids purlirnlar 
exception (^-iron), the two latest publh'iilioiiH are in entire agrreiiifiit* and 
since in the discussion on those two |iapt»rH ni> farts were bruiighf agunwt 
these ideas, by investigators who had worked ini the siibjert. iiiaiiy of wliom 
took part in the discussion, it is safe to eonrliide iloit iliey eiiibriire fhti 
experimental facts that are at prewnt known. Tle^ pre.,Hi*iire at ttiu ntiie 
can be detected even during etehing, beriinsi' of its \rr\ ipiirk eft Itin » mf, 
the areas in which it exists very ipiiekly beronie bl.'irk Whvti tlw two 
constituents, martensite and trotisfite, are pre*«*iil, the h! nif iarit of tlm 
martensitic areas is only developinl mi pnjlmiged eirlnng imiti lag. 



Fig. 78.“—Qtieneljcd Vmhm FtM, \ tlW. 

Dark Amm • 

Light „ i-a rtiell'hwl M4iltr||;*i|r, 

H. C. Boynton arranges tin* hariiiu*i« of the varntiiH that 

nave been described as follows : « 


Constituent. 

Ferrite, . 



PearJite, . 



Sorbite, . 



Trootsitc,. 

• 
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THE SOLIDIFICATION OF STEEL INGOTS. 


Thk changes tliat occur when steel passes from the ii(|ui(l to the solid con¬ 
dition iuive been the subject of many laborious investigations, l)ecau8e ■ 
they are, both from the scientific and,practical standpoint, matters of very 
considerable interest. Watching an ingot of iquid steel solidifying at once 
suggeete the two following (jiiostions What are the preciso conditions 
whicli prevail throughout the mass ? and what are tlm exact changes through 
which it is passing ? These two (|ueHti(>ns arc of great motnent to the steel 
manufacturer, for it is upon their answer that tlic seriouB diflicultics known 
as segregation, piping, blowiu^les, etc,, have to l)e met. 

As steel is a composite substam^o, its solidification from the iicpiid state 
involves more complic.ations than an*, met with in the freezing of elementary 
or compound suhstances. Then* are, however, certain important phenomena 
that are more or h’.Hs <*liaract(*riHtie, of all BubstanccH that crystallise when 
:>>ii<lifying from tlui Ihfuid slatt^ 

ist. ('hangi^ in volume -/.c., tliere may be a ditTcrence in the spiunfic 
voluim^ of the licpiid and the solid ervstalH which are formed from it. when 
just at the frec'/Jiig temperature, 'fliis may either take the form of an inm’caHc 
or a decnnise in vt4ume during stdidifieation. 

2n<i. When the mass is further cooled after complete Holklificatiom the 
crystals progressively contract, unless, as is sometimes the case, they undiirgu 
an alltitropic. iransb^rmation or other internal tdiange, which may involve 
an actual incT(*ase in volume at the particular inversion. 

drd. The solubility (d gaseous impurities Lh almost invarialily greater 
in tin*. liffutd than in the* solid body, and in constsimmcm a large proportion 
of the gas wiiieh may bt^ held in liquid solution by the metal is smidenly 
liberatcil, whilst tiie solitl erystalH are being formtsl. Moreover, tin* solu¬ 
bility «»f gaHi*s in liijui<l imUals varl(*H eonsiih*raldy, and usually imTeases 
witfi the temp(‘ratur(*. Ibmce, (»ven whilst the licpud masH is cooling, and 
befon* any solid crystals have separatecl, relativctly large volumes of gas 
ar<! set free*. 

In midition to tint above difliculties, eaeh of which the steel metallurgist 
has to c<mtcmd with, lie is still confronted with another—-viz., the fact that 
alloys like steel do not sedidify bodily at one temperature, but over a range, 
wdii<*h varies within wide limitH iu*(‘or(ling to the compoHition of the metal, 
and, as will be soon later, it is this eircmnmtance wdiicdi is the cause of the evil 
known as segregation. 

Before dkeussing in detail the numerous defecta to which ingot steel la 
suliject, m II conma|uence of the above physico-chemical phenomena, a brief 
atudy of the freezing of lew complk*ated substances will be advantageous. 

We may first take the case of a |H*rfectly pure liquid metal which is free 
even from traces of dissolvcti gases, but whicli contracts in volume when it 
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passes from the liquid to the solid state, ruder tiuw rtUHlitiiuis, when the 
liquid mass cools down to its solidifying tem|M’rittur<\ rrystals are ile|«i}4it-«! 
at the surfaces of the mould, and form a solid «*nist «»r sliell liroiiiid the 
interior. These crystals take up posit icuw approxiiuately at rikdit aiikdos 
to the surfaces of the mould, and continue to grow nmnnU m tliai way lyi 
more solid separates from the litpiid (see fig. 7 U}. Huh pr«H’tkHH goi’H <iii until 
the whole mass has become (piita solid hy the fn*e/.in«4 id tlm hwf fnirM <4 
liquid in the central axis of the ingot. In |MTfertly piin* niftidji or i-Mfiipiniiiiln 
the liquid which finally solidifies has exactly the aaim* foiii|i«wiiioii m tiutf. 



Pig. 79. Broken Ingot, sinewing how thi’ CryMtaL liavp fiMja .Si i •» ntf 

Moiiiti 


wkcli was firat fom.ed at tiw outer shell uf the iiu;..!. and ahh-uk. ai !he 

later stages there 18 considerahlo ilillenuue hetweeu ih- iea,|..ra!..re .d the 
outside and centre of the ingot, the Hc tuul te,ujH.wture .u whei. h nart 
passes from the liquid to the solid state is idejiliral, 'rii.. ui-..! „ ii.,t how 
ever, perfectly sound, because as each soli.i crystal is .l..i,...„e,| .i ... . ..imM 
a smaller volume than it did when in the li.jui.i condition, a,..! as the cyten.al 
dimensions of the ii^;ot are decided in the earlv stages by t),.. w.ii.i shell that 
formed this contraction m volume ultimately gives rin,'. t,, a cavni ..r ahat 
generally called 'pipe” in the upper centr;il uxk of the ingot. ' In tln^ie 
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cases the surfaces of the pijxe are generally smooth, and a vertical section 
of tlie ingot usually shows a cavity somewhat like that shown in fig. 80. 

When there is no difference l)etween the specific volume of the liquid 
and solid, little or no pipe is formed, and if an expansion occurs at the freezing 
tempc^rature the top surface of the ingot will be more or less convex in shape. 

With pure metals which in the litpiid state take up gases either from tlio 
atmosphere or from the prmlucts of combustion tliat come in contact with 
them, the solid ingot is much less sound than in the above cases. 

Although the solid metal may be capable of retaining a certain cpmntity 
of iiiese gases in solution, its capacity in this r08j)ect is always less than that 
of the li(|ukb and in consequence a very large proportion, if not all, the 
gases held in solution by the liquid ate liberated a little before or at the 
moment it passes into the solid state. Most of the gas which is set free in 
the early stages of solidification rise through the residual li(|ui(l interior 
and bubbles out at the top. “Before long, however, this is prevented by 
the formation of a crust of metal at the top, whicii will not afford a free 




outlet for the gas which is subsequently liberated. Once this top crust has 
been b»rmed, the gas still able to pass tlirough the licpiid finds its way into 
and gees incrciwe the size of the pipe whicli is forming in the ingot. * There 
is usually a certain cpiantity of gas wdiicdi does not reaesh the pipe, but is 
ineclianieally trapped inside the body of the ingot, owing to the metal Ihi- 
coming to<i visrous in albnv it to rise. Home gas is also trapped by the 
branrhes of the skcletofi crystals tliat are so rapidly thrown out, interccqiting 
eiu’fi and forming a solid licumdary which encloses liquid. Ah thin 

cncltwed liquid solidifies, the gas which it throws out of «oluti{)n is confined 
within tlie btHuidaries tlius formed. The vertical section of an ingot which 
liitM stilklified in thin way will approximately present the appearanc'C shown 
in fig. HI, with a pi|M» near the top anti blowholes throughout the masH. 

In the cases hitheriti etmsidereti, each part* of the solkl iiciot has hmn 
aasumed fti ptiftseas the same chemical ctimposiiion. With steel the con- 
ditituiH iin^ totally tlifferent, because tluring the whole period of ftolklificatioii 
the m>lkl crystals that are being formed, and also the liquid, arc^ constantly 
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changing in relative composition. It m on lirconnt of !liii4 |irHjn*rfv tliiif 
the percentages of carbon, sulphur, phoHplu»nis. oft*., whirh iiiafunnlv 

distributed in the liquid metal, vary consititTably in tin* mjlid q’jie 

causes of this variation are of sucli a physic-o i-hiuniiiil iitiiiiri’ mu lit imilci* it 
both practically and theoretically iinpo»Bi!>lc to |trmiuro lurni* uii^nu 
which shall be absolutely uniform in cc»m|Mwith)ii. 'Fin' litiuni wlurii m f}j«^ 
last to solidify always contains a greater pro|M»rtioii of rnriiHii. phoMplisirim^ 
sulphur, etc., than the solid crystals which are foniird liiinn^ flu* oarlv pornwi 
of solidification. Since it is impossible to prevent tliw mylticiue fri'ivang, 



ftfiniiHwmli!.. cdHij.lHrlv ■..vr.v.i'i..,, „{ 

the constituents of steel ingots, und the <mlv thn.i- «iti. j, . I..- .. . 

Tlfe " cowf.no the evils of seKre«Hfio,, «,th.« a i„,.„ 

““wner in whieh Hc«re;L'iitioii of .■nrhon w hrouch* mij 

readily understood after a careful ..Mimiitation of i*),,. h,.,. i it 

represents the temperatures at which inm will, van m • iH-r.:,.. ' . 

begins to solidify, ami the lines A C H the tcnuH-r. ur.'“ , , 

spending mixtures will just become solid if ihe Lr. . i " “ 

'im'I 

be fjuicker than is deinamled for the theoretical e.|uit.t.num n 
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perature at which the mass becomes completely solid is lowered, or, in other 
wokIs, the last trace of liquid to solidify contains a higher percentage of 



Fig, 83 Photo of an Auto Sulfilmr Print of tho Soction of Three Crynluls of 

{Ste/Ki). 


4uui)(m. At uny bt^tweeu tlic licjuiduH AB and HoIiduH A(JB 

the comportition of thi‘ Holid nu‘.tal and of tlie. lifpiid metal in efpiilibrium 
can be. jiHeertaimMl liy drawing a line parallel to the 
base at the requireil temperature to meet the solidus 
and lupuduH lines. The Bolid and liquid in equili¬ 
brium at temp(‘ratnre y are respectively represented 
liy the. points y' and In the same way it will 
be seen that tlu‘ etunposition of the last trace of 
li(|uid to solidify is representeil by the point B. 

It is evident that tin; eomposition of the first erystals 
that are depositetl from a liquid steel containing x 
pm* cent, of c'uriHin (tig. Ki) will contain x' per 
t*ent. of carbon, and tlu^ solid whieh Hulmoipiently 
setth*H around liewt* primary crystal branches will 
contain imu‘e and mon* carbon as the temperature 
is lo\v(»reci. If the rate* of eooling be slow enough the 
exeess of earlioii (smtidned in (mcli of the succesHive 
layers small (iysfais will diffuse inward to those 
that wt*re prt*\ieni4y formed, and which contain ke\i 
e*arbon. ddie time that would be recpiired for this 
diffusion to be complete is not known, but in the. 
frei^zing of steel inj.ots under works conditionn the 
eooling in cmlainly lo<» quick to permit perfect 
iliffiishm. It is, therefore, imposaiblo in commercial . (?nmp ol Cry- 

jiractice to prevent, segregation. Ah tluj erystals ^^idH 'tiib*n from Pi]>© 
grow towards eaeh of her and tcovards the centre ol Cavity of Steel Ingot. 
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the mould, the remaining liquid which is constantly kn-oniing rirhor in 
carbon is gradually driven into the centre of the ingot. Iloiim the oiitshlo 
shell of an ingot always contains less carbon than the avi^rago uf the 
ingot; in fact, the carbon content increases with tin' diH!iinr^‘ fmiii the 
surface upon which solidification began. 

Both the sulphur and phosphonia contained in the ini!ns! liqiiitl iir«* 
concentrated in the final liquid to a greater extent thiiti the <*iirhiin. 
is largely due to the fact that they form mixtuw^s with the iron, wliit'lt Imva 
relatively much lower freezing points than the iromcartani niixtur«‘s. Soimi 
of the segregation sulphur and phosphorus mixtures, like tliomt of ciirlHui. 
are mechanically trapped between the crystals which lira format iit mi eurlj 
period, hut a large proportion is progressively gqutwzml iowjinb the cm in. 
of the ingot. The last trace of liquid which solidifioii even uroiiiitl t lie cTy^tiiln. 
and particularly towards the middle of the ingot, is. tlu*rcf«irt*. ahuiyM ri»Li 
tively high in sulphur and phosphonw. 



“ Intercrystalline aegregatioii ” of Mulphtir ut dfurlv in )ir s;! 

taken from a paper by Dr. Stead,^ and the aulphide trui.jKHi m I, , rv.tai 
serves to show its dentritic structure. Fig. K4 is a ph<.togranh of a l.nn. li 
of crystals taken from the pipe cavity of a steel ingot. 

Segregation.— Mr. Stubbs* was probably the first to drau attenii.ui 
to the fact that cast-steel ingots are not chcmindly hoiiii»^cii»*Miis. iiml fii 4 t 
a redistribution of the elements, carbon, sulphur, and ptitwiiburiif* t.ikei 
place during solidification. G. J. «nolu8* confirnuHi this, and liave analv..., 
obtained from a large ingot 7 feet long and I'J x lb in. l,.>s, T«.. .du.; .,t 
this ingot were cut off, one 21 inches from the top and the othor 1 inrh...s 

a® were taken from each slice along a diagonal 

line, and numbered as shown in sketch (fig. 86). 


^ Cl€v€lu7id Instiiu(€ of 1012 , 

* Iron and Skd Inst, No. 1, 1881, p. 2(MK 

* No, 2, 1881, p. 379. 
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The analyses of these drillings were as follows : 


T«»p. 




Carbon, 


8nl|ihur. J H}«t8|»bt»r«ii 


Cari»>‘!i 




1 

2 

3 

4 

5 

6 


•44 

•54 

•57 

•61 

•6H 

•77 


•032 

•tri 1 

•II 

•04H 

mm 

■12 

•OHO 

•OHtl 

'41 

•0116 i 

•IW7 

1 *|il 

•120 

'HI 

: >ri« 

OHO 

•142 

•37 


•IH-M 

•law 

•um 

■«il2 

*01H 

•fl&l 

•01« 

•l>34 

•1*1 H 

•um 

■1*41 



As regards the tt^p section, it will Im m*ru tlmt tlio |ii*rr«*iitii;»rfi nf i.urfi 
of the three elements incret 4 ii«i mi imming fmiij flip niit.^iili^ t*i ili#f ntfitn! 
of the ingot. In the bottcwn section, Imwever, wiislat ilmtm w a irri'Hii- 

larity, there is a tendency f«»r the cttrlMiiii wlimfi, mid j»lii«i|iliiirini rniiti^iitg 
to become less on passing from tha iiiitnida tu tlio noitri^ llutli pffitrt^ 
are due to the drillings having Im'cii fiilcf»ii very r'|ii#o in tliff liiifiniii nf tjjn 
ingot. 

Some idea of the di«tribntio« of ciirlMni. jilit«*|ilioriirf, liipl siii|iliiir in «i«! 

ingots may be obtained by referring to tlm attiilyims gi\rji m ili* Ml 


The Position of the Pipe and of the Blowlioki in 
Steel Ingots. 

Amongst the earliest investigators of flir ««i mfru, r i,f liluw liulmi m 

steel ingots was 0 . A. (‘iispcrMoiid The iniiiii i 4 Im imri luts m 

what is called the “ (’iiHpersson tiible," mliit-fi «ifli iIp* «! iImi 

ingots in relation to the rimtiiig ti*ni|wfittiifi» au*! urntrut Tlirra 

is no doubt that the tern prat tire to ttlirli .?i!rri 1=4 fr-il iliirny t|i#f 

final stages of its manufacture liiii a niarkcd 1 iifion iIh' i «f .^nrfi 

gases as hydrogen, nitrc^eii, oxidr^ of rmlmi, rtr . a niil lupf ||„|,| 

in solution. The extent to wliirh tlir will thr-nv mrTtmm%$ 

with rising temperature and with riirlmis iniifrjii ft imti, 

ever, been conclusively deiiion8trftt.«I by llriiii’II n by 

Wahlbcrg,^ that, apart from carlififi, the 1 i;4 im nil 

important factor in determining the rii|>iirify of ll«» iuMmI b»r 
gases. The prc^simce of silkcm, iimtigiiiieM, fiiiii dmmmmu 
increases, for example, the aniotiiit of gaii blip’ll ciiii Iw” in imliiiiiiii. 

The occlusion of gas« by steel m not pirfinificiit, fur iilooi iIp- mmal m rmi 
and the temperature falls, a point m nmrlnil m iilinii ilfcv !«i Im 

liberated from solution. Thii cvoliitkin riiiitiiiiitm miih fmiliPr 
and whilst part of theg&sw romiiletely fruiit liip lii|iii4 uumn mid tlnw 

becomes harmless, some remiiina in tin* ingot iiinl ffiriiw flit* 
as “blowholes;^ The extent to wliirii tlicic iirp furiiir i, iiipI iilfii 

1 Jemkoatorofc's Anamter, I8II2. 5, irm md A'tol imi . X*. | s* 4^ 

Vwm. Irm and ^tmi !mL, No. i, UWi, 
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their position in an ingot, ciepencls very lai)^ely u|M)n the particular stage 
at which the pisos are thrown out of solution -i.e., whether before or after 
the solidification of the top surface of the ingot. Under normal conditions 
Brinell says that the factors whitdi determine the soundness of steel ingots 
are those winch hasten or retani the evolution of the gases occluded in the 
li(j[uid metal. The increased tendency of the gases to become disengi^ed 
as the cooling proceeds is counteracted by the presence of aluminium, naan- 





ganose, and silicon, and if sufficient of these elements be present, the stedi 
will become quite solid without any appreciable quantity of gas being liber¬ 
ated. As the {|uantity of aluminium + silicon + manganese present falls 
below a certain limit, the tem{>eratur6 at which the gases are set free is raisal 
above that at which the mass solidifies. In fact, steel which contains prac¬ 
tically none of the above elements b^ins to liberate the gases from solution 
almost as soon m it entere the mould, and the top surface of the metel m 
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kept in constant agitation by the bubbles of gas rising from the mass. If 
there be too much aluminium, silicon, or manganese present, the steel is 
technically termed “ killed,” which means that no gas is set free during 
solidification. In such circumstances no blowholes are formed, but the 
piping cavity is both larger and deeper. The size of the ingot exerts an 
influence upon the position of blowholes, inasmuch as it afiects the rate of 
solidification. Vertical sections of BrinelFs standard types of ingot are 
shown in fig. 87, and some of the corresponding transverse sections in figs. 
88 to 94. Each vertical series represents ingots containing the same corrected 
and combined percentages of aluminium, silicon, and manganese. This 
arrangement of the ingots affords a very good conception of the effect of 
size upon the soundness of ingots. Thus,^ it will be seen that, as the size 
of the ingot decreases, less aluminium, silicon, or manganese is required to 
produce the soundest type of ingot (No. 5). From his many researches Brinell 
determined the relative effect of the above-mentioned elements upon the 
soundness of steel ingots. He concludes that aluminium has 90 times as 
much effect as manganese and .17*3 times as nmch as silicon. Thus, 1-66 
per cent, of manganese without any silicon or aluminium, 0*32 per cent, 
of silicon without manganese or aluminium, and 0*0184 per cent, of aluminium 
without manganese or silicon, will give the same type of ingot as regards 
the position of the blowholes, etc. From these figures Brinell coiistructed 
a triaxial diagram (fig. 95) by means of which the per(‘(uitage of aluminium 
or silicon to add in order to produce the No. 5 typo of ingot for any given 
manganese content can be. readily determined. Thus, a steel containing 
0*40 per cent, of manganese and 0*12 of siIi(*on will ret|uire the addition 
of 0*0068 per cent, of aluminium. It should be remembered that, whilst 
BrinelFs ratios as given above are probably independent of the size of ingot, 
the actual quantities relate only to ingots 10 inches S(|iiaro, and to metal 
top cast into almost cold moulds with walls 2 inches tfiick. If these con¬ 
ditions be varied, the amount of aluminium, etc., it is necessary to add 
in order to produce the desired effect also varies. This is clearly indicated 
by the illustrations given in fig. 87. 


Blowhole Segregation* 

The interesting and important practical fact that the blowholes formed 
in steel ingots during solidification may constitute pockets in which liquid 
segregates, containing high percentages of impurities, can subaecjuently 
collect was first demonstrated by Dr. Stead.^ He examined an ingot which 
had the following dimensions and analysis 


Dimensions — 
Length, 
Breadth, 
Thickness, 

Analysis — 
Carbon, 
Manganese, 
Splphur, 
Phosphorus, 


5 feet 2 inches. 
2 „ 2 „ 

1 „ 8 „ 


0*13 per cent. 
0*32 

0*064 „ 

0*034 „ 


‘ Wlien Steel Freezes,' 


Clevelmid 


Inditute of Engineers, p. 33. 



THE SOLIDIFICATION OF STEEL INGOTS. 


S9 


He says“ There was evidence that the steel had risen in the mould 
after casting to the extent of about 6 inches—a clear indication of unsoundnesa 
or honeycombing. The fracture showed an outer solid layer of about | inch ; 
then honeycombs for about 2| inciies, tapering inwards, but very unevenly ; 
then perfectly sound steel to tlie centre. It resembled Brineirs type Nos. 6 
and 7, excepting tiuit the envelope of solid steel was thicker, and that many 
of the blowholes, instead of being so continuous, about half of them were 
continued to the full distance of 2| inches. In one place, at a distance of 
i inch from the outside, there were about thirty snud! cavities |K:^r mpiare 
inch, the mean diameters being respectively about inch ami inch. 
ISome (»f the blowhole walls were tinted lirown and yellow, and inanv w’ere 
coateci at tlunr inner extremities with a dull grey layer. On placing 
of acidulated bromide paper against these dark lifnis, the films readily 
dissolved, leaving bright metallic surfaces of steel below, whilst the silver 
broitnde was idackened by the evohition of hydric sulpliidts-- a proof that 



Fig. 96.-' Blowhtde nhowhig Ilemalni of Original mvl the Hfgiegiitu 

whit'li h&tl l«»efi fomnl miu the Cavity {Skml}, 

the films were rich in sulphides. It was iiotic^iHl that iKwoiid the ter» 
mination <d the large* continmaw radial hlowdicilea there were ii few kolttCMi 
independent sph«*ri<’al cavities. As it icamed probable that tlieso iiiiglit 
be associated with blowhole wgregations, meiimm w'oro cut from the steol 
whore they were detected. Examination of one of these prciv«l that there 
wm segregation. The pliolograph (fig. 96) shows the position of one 
of the cavities and the aecoinpanyir^ segregate. This indicates that the 
hole was originally twice the size of the remiiining cavity, and that 
about half of its vtduma is occiipitMl by a sfjgregale rich in phosphorus 
and sulphur, which had been forced info it by internal pressure.'* Dr. 
Stead estimated that the segregate contained at least (1-40 pr cent, of 
sulphur and per cent. <if phosphorus. He considers that at the high 
temperatures of Kolkliflcation the sulphur is in combination with iron m 
FeS, and not with the manganese. This view is strongly supported by the 
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fact that, whilst the segregation of sulphur is quite marked, tliat of man¬ 
ganese is almost negligible. At lower temperatures sulphide of manganese 
is formed in accordance with the following n*action 

EeS + Mn = Fe MnS. 

The fact that blowhole segregation of sulphur will occur in a steel ingot 
with a normal average percentage of sulphur is very important to the steel 
manufacturer, because if the blowholes happen to be situated comparatively 
near the outer surface of the ingot (see types (5 and 7, tigs. 87 and Dl), they 
will involve a marked concentration of sulphur where it is hsast desired. 
This kind of sulphur segregation in what may be otherwise regardtal as good 
steel, will undoubtedly produce red-shortness aiul Hurfac’e crac*king during 
the rolling of the material. A steel of excellent average eomposition inay 
thus give all the characteristic features of high stilplmr steel, which moans 
greater trouble in the rolling mill and a p<H»rer Hurfin!e finish cm the final 
article. 

As showing the extent to which blowhole segiegaticm may develop, 
another example may advantagcsnwly he (smsidered. 
This was a case of a rather heavy steed c-asting, which 
had to be machintal The average pliosphorus c-ontent 
was somewhat abnormal -vi/,., c-M per cent. When 
placed in thc^ lathe fc^r machining it was found that 
the tool had no cllect whaitsvt^r upon one side of a 
flar^e marked A, fig. D7, whilst dillicndty was 
experiem^ed in machining any eg her part of the 
existing. On breaking piec’en oil tiuit part of the 
casting largo numliers of blowlmles were found im» 
mediately underneath the skin. The broken pieces 
were c|uite brittle, and an anulysiH slanvcul that th<‘. 
average phcwphonm ccmLmt was over tig] per c'cmt. A 
microscopic*, examination clearly demoiiHlratmi that in 
certain area.s thci phosphorus wan <*.ven as higit or higliar 
Fig. 97. than 10*(I per ceiit. {see photograph, liv. D8|. 

Blowhole * segn*gati<m is cauned by the high gaseous 
pressures inside the ingot forcing tint impure liquicl into tint previously 
formed cavities. In the early stages of mdtdific'ation the liberated gases 
can escape freely from the top surfacm of tint ingot, !>ut whim thc^ top is 
sealed the gases accumulate and excuT very high prcwstires insider the 
ingot. 

There have been many papers publislied dealing with the idfactH of piping 
and segregation, and the means by whii*h thixse evils c'an minimised and, 
under certain conditions, more or less neutralised. It is not poasible in a 
work of this nature to give a complete bihlicjgraphy of the aubjec’t, but this- 
has recently been so ably done by 8ir Robert liiidfield * as to render it 
unnecessary now. In a paper by li. M. Howe,^ in whic*h he deals w’ith the 
causes and prevention of piping in steel ingots, and the causes and restraint 
of segregation, he arrives at the following conedusiems 

2 Soanci Ingota/^ IrmandSM /ri#L, No. 2. 1912, p. HI. 

Bulleimof the American ImHUihof Minimj Emjmfers, 1907, pp. 169-274. 
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The pipe is shortened and the position of the segregate in the ingot is. 
raised— 

( 1 ) By top-casting instead of bottom-casting ; 

(2) By slow casting ; 

( 3 ) By casting with the large end up instead of down ; 

(4) By retarding the cooling of the top by means of a sinking-head or 

otherwise; 

( 5 ) By liquid compression ; and 

( 0 ) By permitting deep-seated blowholes to form through adjusting the 
quantity of silicon and manganese or their equivalents. 

The pipe is shortened and segregation probably increased— 

( 7 ) By casting in wide ingots ; 

( 8 ) By using moulds of low conducting power—lined with sand or 

clay; 

( 9 ) By using pro-heated moulds. 

Segregation is restrained— 

( 10 ) By casting as cool as practicable ; and 

(11) By casting in small ingots. 



Fig. 98.—Blowhole Segregation of Phosphorus in Cast SteeL 


Fluid Compression* 

Broadly speaking, there are four methods in use for subjecting steel 
ingots to high pressures, whilst the interior is still in the liquid condition. 
These are the Whitworth, dllingworth, Harmet, and Williams processes. 
In each of these the object aimed at is to counteract the natural tendency 
to form a piping cavity as a result of internal contraction by reducing the: 
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external dimensionB of the ingot. Iic|iud compression also minimises the 
degree of segregation. The above luenticmed metluKis differ in the manner 
qI applying the pressure. Hrit’lly, the pn^ssure is applied lengthways in 
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Whitworth’s process, in Illingworth’s process sideways and uniformly, in 
Harmet’s process endways in a conical mould, and in Williams’ process 
.sideways and chiefly near the middle of the ingot. 

Quite recently Talbot ^ has introduced a new method, which apparently 
possesses the advantages of being relatively simple and inexpensive. In 
this method lateral compression is applied by cogging the ingot down, in the 
•ordinary cogging mill, whilst the centre is still liquid. The inventor of this 
process suggests that it may be applied to such classes of steels as rails, etc. 
It is, however, admitted that to do this a much better control over the times 
of tapping the furnaces would have to be secured, and an extremely careful 
regulation of the times, between casting and cogging down would have 
to be maintained. 

The complete removal of the piping by Talbot’s method of lateral com¬ 
pression is very clearly illustrated. in fig. 99. The longitudinal section 
through the centre of an ingot which has been allowed to solidify in a normal 
manner is shown in A, and from which the position and size oE the pipe 
•cavity can be seen. B is a section of a similar ingot which has been partly 
•cogged down, and as the whole of the ingot was,sol id, the cogging has simply 
•elongated the cavity. C represents the vertical sectioti cut through the 
•centre of another ingot of the same kind, but which was put through the 
-cogging mill whilst the interior was still liquid. 

Another interesting fact concerning this process is that it actually dis¬ 
places the segregate from its normal position in tiie upper central part of 
the ingot, and distributes it fairly evenly between the outer vertical walls 
.and the central axis of the ingot. Hence rails, etc., manufactured from ingots 
that have been treated in this way do not contain the segregated area in the 
middle parts of the section, but in the positions shown in fig. iOO. 

*-Iron and, Steel 1ml., 1913, JNo. 1, p. 30, 
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CJHAPTEK VIL 

IRON-CARBON STEELS. 

The effect of carlnm cm tha nwvhanmd propertUH id nteei Iian hecni the 
subject of many invaHtliiiiticniH, notably by Prof. Arnoki ^ iiinongHt otinsw. 
The analjHes of tlic htccln with which he experimented arts ^iven in Table ill. 
From thene figurcH it will he neen that the percentages of al! the impuritiea, 
including nmngane.He. are extremely kjw. and, therefcm^ the iiua’liitniciil 
properticH of the Hc*riert may be aeeept^id m bthng repre«eiitalive of pure 
iron-carbon ateelH. It in, however, neeewiiry to note that in the iinniniled 
samples the two camffuning P*i{i ami i'*l7 per c-imt. <d carbon thero 

was rcHpec’lively tl*2H and 1*11 per cent, of carbon in the tmeombineil or 
graphitic condition. This in an inttn’csfing fact, becniiHo it vtiry forcilily 
illuHtnites the. farility witli which carliide of iron, ia diicompoHed into 

its constituentH when the f4te<!ls are priM-ticidly pure iroioearlion aih»ys. it 
also shows the iieceHsily of having a certain ipiantify of manganese in high 
carbon at eels to retard or prevent tluH tiecompusif ion. 

The figures for the tennih^ pr*»pertieH of the series in the iinneiiled state 
are given in Table V., and plotteil graphically m figs. lol and bi2. in this 
instance tlie ti»rm annealing refers to heating the biira in ipiicdclime in a 
coveretl east iron Ihcx to a temperature of pcMMi i\ for 72 hours, and then 
allowing them lt» ccHt! in tlie lutial furnace during ICMI hours. 


TABLE III. AsAhvmn. 


Tot 111 
CtrlMio. 

o, i'lirUuii 
l« Aiiiiriilol 

Hlllrol*. 

, MitlUlllirM’. 

i 

1 

i 

j 

Aliiinliiiiiiii 

O-OH 


! 

! mo:i 

0*02 

teo2 

o*o:i 

0-02 

0*21 


i 0415 

0*011 

0*02 

0*03 

^ 0*02 



CMI.'I 

04W 

0*02 

0*02 

. o-ca 

0-50 


0*07 

fMO 

0»02 ; 

0*02 

0*03 

0*74 


teOo 

0*01 

0*02 

0*02 

0*02 

0-H9 


O'0:i 

O-fW 

0-02 

0*02 ; 

iMIS 

1-20 

0-2H 

0*07 

iMTi 

II-112 

0*02 

0'0:i 
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TABLE IV. —Te.mhilk !*uoj’ERTit>t of Rou,ei> H.^rs. 


carbon. 

ElMtic Limit. 


T«t»® wr »r|, in 

0*08 

12*19 

0*21 

17*08 

0*38 

17*96 

0*59 

19*82 

0*89 

24*80 

1*20 

36*72 

1*47 

32*27 


Maximum Htmm 


IViii® iMT wj. Inch. 
2i*39 
25-39 
29-94 
42'B2 
52*40 
61*05 
65*71 


Elongation on *i". 


Pitif 

46-0 

42*1 

34*5 

19*9 

13*0 

8*0 

2*8 


Rtthmtioii Ilf Anm, 

. i 

F«r eeot. i 

74*8 I 

07-B 

56*3 S 

22 7 

15*4 s 

7*8 i 

3*3 


It will be obaerveti that the ebiatic limit and ultimate atreiw progrenaively 
increase with the carbon up to O-bO |>er cent., ami then decrease m the carbon 



White v -3 (Vmcnitte. 

Dark Pmriite. 

is further rawecl. The ductility of the wuiw BperinienH, ns repraHenteii bv 
the elongiiticm and reducticm of urea, falk a« the riirlHin m riii«i*d to fl-HP |wjr 
cent., and then again increimea Thi« imTcased diutility in wmlly tine to tlia 
presence (d Jree ferrite resulting from the decoiii posit ion cd rarlmle cd iron, 
llie dmcontinuity in the pro|Mirtie« wliicli occuw with li-H!) |«t cent, of carbiin 
in annealed stwls k, however, evident, even when the whole cd the carbon 
is in the combined «t4ite. It m expliun«i by the find that a! cent, 

of carbon the steal corrmponds with the outoctoid composition. With less 
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(Arnold.) 
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than that amount of carbon there exists an excess of ferrite over that requi 
to form the mixed constituent known as pearlite. With more carbon f 
cementite or carbide of iron surrounds the pearlite (see fig. 103), and the ha 
brittle nature of cementite in this form brings about a deterioration in ■ 
mechanical properties of the mass. 

The properties of the same steels in the unannealed or rolled condit 
are given in Table V,, and plotted in figs. 104 and 105. As would be expect 
it will be seen that the elastic limit and ultimate stress are higher than 
the annealed specimens, whilst the elongation and reduction of area 
lower. The abrupt change in the tensile properties does not occur at i 
eutectoid composition, but at 1-25 per cent, of carbon. This is, no dou 
due to the cellular walls of cementite having been broken up in the operat 
of rolling, an action which apparently is not possible when the carbon reac! 
1 -47 per cent. 

TABLE V.-— Tensile Properties oe Annealed Bars. 


Carbon. 

Elastic Limit. 

Maximum Stress. 

Elongation on 2", 


Tons per sq. in. 

Tons per sq, inch. 

Per cent. 

0*08 

8-82 

18*34 

62*7 

0-21 

9-02 

21*26 

42*3 

0-38 

9*55 

26*02 

35*0 

0-59 

11*36 

31*87 

22*0 

0-89 

16*81 

36*69 

4*5 

1*20 

16-19 

32*87 

6*0 

1-47 

10*08 

22*33 

19*0 

1 _ 


Reduction of An 


Per cenr. 

76-7 

65*7 

50-6 

23-3 

4*2 

4*9 

17*7 


From the above figures it will be seen that the mechanical proper! 
of steel are very materially influenced by the mechanical or heat-treatm( 
to which they are subjected. Variations of this kind are invariably acco 
panied by more or less well-defined differences in the structural constitut] 
of the mass. Most of these structural differences are readily revealed by 
examination under the microscope, and an approximate idea of the proper! 
of the steel may thus be obtained. Broadly speaking, any treatment wh 
reduces the size of the constituent crystals contained in a metallic alL 
such as steel, brings about an increase in the elastic limit and ultimate strc 
and a corresponding fall in the ductility, and vice versd. Various hypothe 
have been advanced to'explain this, but at this stage it is unnecessary 
refer to them. 

A very clear illustration of the influence of crystal size upon the p 
perties of steel is shown in fig. 106, which depicts four well-defined conditic 
in which the pearlitic areas may exist in steel, and their correspond] 
mechanical properties. It is, therefore, quite obvious that a chemical anal}; 
alone is no real guide in deciding the mechanical properties of steel. I 
factors which affect the internal structure, and consequently the propert 
of steel, are :— 

1 st. The temperature to which it is heated prior to rolling, and the ti 
it is l^ept at that temperatare. 

2 nd. The amount of deformation, or reduction of area, during rolling. 
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3rd. The finishing temperature of rolling. 

4th. The rate of cooling. 

In regard to the first, the crystals of steel grow when at temperatures 
above the highest recalescence point, and the rate of this growth increases 
as the temperature is further raised. The time factor is also an import-ant 
item in this connection, and this is especially the case at very liigh tem|H!raturea. 

2nd. During rolling, the deformation of the metal is ctinstanfly breaking 
up the crystals into smaller ones. 

3rd. Since the recrystallisation and crystal growtli wliich is preweeding 
during the process of rolling is retarded m the temperature falls, it follows 
that the lower the finishing temperature the smaller will he tht! crystals 
in the finished steel 

4th. The rate of cooling plays a very impt)rtiint nile, and tins is more 
particularly so as regards the range of temperatureH between alHnit TiKh (j. 
and 500® C. It is within these tamperaiures that tlie troontitic lamrlite, 
which is first formed as the steel cools througli the Atj change, immm into the 
coarser forms of the same constituent. 

Prom the foregoing, it will be roccjgniseil that any f«jrinulii fur <‘ulcni!ating 
the strength of steel from its chemhad composition run have only a limiteti 
application, and to be of any real value the conditions i»f mamifitriure must 
be known, and should bo the same as thewe whii’h prevailed for the standartb 
from which the formula was dedm’Cil 

H. H. Campbell ^ has made a most candid study of this htdijerf, and from 
a very large number of observations he has cHtablwIictl a number of formula*. 
The results upon which he bases his ronrlusions were cdUaimHi from steel 
bars 2 inches by f inch, which had been hamim*red and rolh'd from ingtits 
6 inches square. Campbeirs (*onclusions are as folhn^s ; 

Carbon.—4n acid steel caidi t)*Ul |Hir cent, of carbon st relent hens stiwl 
by 1,000 lbs. per scpian^ inch, when the carlam is determimsi by emm 
bastion. The strengthening effect is I,Mu lbs. b>r each tmil per c-ent,, m 
determined by colour, owing to the fact that thi^ cohmr test does not deti'r- 
mine all the carbon present-. 

In basic steel each 0*01 per cent. <ff rarbtm strengflieim niwl by 77U lbs. 
per square inch when the carbon is determined by combuHimn. The 
strengthening effect is 820 lbs. for cmcli iMtl per cent., m diiermined by 

colour. 

PJmphorm.—l^aeh 0*01 per cent, of phospfiorus stren^flieiiH «fe(*I by 
1,000 lbs. per square indi. 

Man(ja7Lese.—EB>cAi 0*01 |Kir cent, of maneaiieMf* has a ^trt*!eitheiiing 
effect upon steel, and the effec‘t is greater as tlie. carbun ennient increiiHes. 
Below a certain content of manganese tlie effect is cmuplicated by mune 
disturbing condition, probably inm <»xidc, so that a decreuKc m manganese 
in^very low carbon steels is aiwonipaniet! by an increase in strength. In 
acid steel each increase of U*0l per cent, of maniiam*si* aliove U*i per 
cent, raises the strength of the steel an amount varyini! frem HU lbs. in a 
metal containing O-l per cent, carbon to llw. m n metal etmtaining 
0*40 per cent, of carbon. In basic steel eiu*h increase libtn’c tup |>er 

Iron and Sttel InM , No. U, HMW, p. 61, 



lEON-OAEBON STEELS. 


101 


Meohjunioal Propertiw of 
Mass. 

Mioroitnicfcure, 

i 

Segregation Stag«. j 

Maximum tensile stress 
about 70 tons imt squaw 
inch. Elongation on 2 
inches » aiwut 10 jmr 
cent. 

f 1 

1st PilASl. 

“ Sorbitio '* jmrlite with 
emulsified PcjC. Vt*ry 
dark on ©khing. j 

~ 


1 

Maximum teuMile itrw« 
about 55 Urns j«^r itjuaw 
inch. Elongation mi 2 
inches alnmt 15 |M^r 

cent. 


! 

2hu Tiiask. I 

Normal |K?arlit« with «uni« ‘ 
»ogr4^gati»<i Pe^tj. llark i 
on eUjhifig, 



1 

Maximtim terjsile »tn« 
about 35 toiw |M<r square ! 
inch. Elongation mi 2 
inches ■- alnnit 5 |ier ! 
cent. 

J 

P 

3iin Phase. j 

I^mitmkHl |M^iiiiit© with 
coiti|4et4dy «*gr«'‘gak*<i 

Fcil*. Exhibiting a play 
of gorgtimi ccilouw wlicn 
lightly ekihctl. 

... '‘"*1 

Maximum tenBili^ stress 
about 30 tons |H?r square 
inch. 

ih 

j 4Tif Phase. ' 

lAmlnatet |Kmrlite |>a«ing i 
1 into in««ivo Fc/J and 
ferrite. i 

1 





Nate.’ .-It i« im|K»rtiu4t Uj w^mpmk'r that in a iiingla n^ticm of stt«i two or mm all 

thn^o pimaoi c^f {H*iirht<* may Ik? obsi^rvod in juita|K)8iiion gmciuallj merging into oaoh 
othor. 

Pig. 106.~“Hl.<iwmg the Pro|>ertii« of Ftmrlite and it« DeoomiRwition FnxIycL 
FojC^ re|*3Mmmk>d Bkok {ArmM and M^WiUmm), 
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cent, raises the strength an amount varying from 130 lbs. in a metal 
containing 0-1 per cent, of carbon to 250 lbs. in a metal containing 0-4 per 

cent, of carbon. , . , 

Sulphur.~~T!he effect of sulphur on the strength of acid and of basic 

steel is very small. 

Formulae.-— From the above results, the following formuhe may be 
written, in which C = 0*01 per cent, of carbon, P = 0-01 per cent, of phos¬ 
phorus, Mn = 0-01 per cent, of manganese, R ~ a variable to allow for heat- 
treatment, and the answer is the ultimate stress in lbs. per sciuare inch. The 
coefficient of manganese in acid steel, called x, is the value given in Table 
VI., and applies only to contents above 0*4 per cent. The value of man¬ 
ganese in basic steel, called y, is the value given in Table VI1., and applies 
to contents above 0*3 per cent. 


TABLE VI-^-Manganese. 


5 ■ 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Vvv 

Per 

Per 

1 

cent. 

cent. 

cent. 

cent. 

cent. 

(.‘cnt. 

cent. 

cent. 

cent. 

cent. 

oi 

O 

0-4:2. 

0-44. 

0-4C. 

0-48. 

0*50. 

0*52. 

0*54. 

(i-fat. 

b*5H. 

0-(Sn. 


Lbs. 

Lbs. per 

L1)S. per 

Lbs. per 

Lbs. per 

Lbs. per 

Lbs. per 

Ll)s. per 

Llm, per 

I-bs. p('r 


per 
8 ( 1 . in. 

8 ( 1 . in. 

8 ( 1 . in. 

8 ( 1 . in. 

8 ( 1 . in. 

8 ( 1 . in. 

8 ( 1 . in. 

8 ( 1 . in. 

8(|. in. 

8<{. in. 

0-10 

160 

320 

480 

640 

800 

960 

1,120 

1,280 

1,440 

1,600 

0-15 

240 

480 

720 

960 

1,200 

1,440 

1,680 

1,020 

2,1(K) 

2,400 

0*20 

320 

640 

960 

1,280 

1,600 

1,920 

2,240 

2,560 

2,880 

3,200 

0-25 

400 

800 

1,200 

1,600 

2,000 

2,400 

2,800 

3,2(X) 

3,6(M) 1 

4,IKK) 

0-30 

480 

960 

1,440 

1,920 

2,400 

2,880 

3,3(i0 

3,840 

4,320 

4,800 

0*35 

660 

1,120 

1,680 

2,240 

2,800 

3,360 

3,020 

1 4,480 

5,040 

5,6tM) 

0-40 

640 

1,280 

1,920 

2,660 

3,200 

3,840 

4,480 

i 5,120 

5,7tJ0 

6,4(M) 

0-45 

720 

1,440 

2,160 

2,880 

3,600 

4,320 

5,040 

5,760 

6,480 

7,200 

0*50 

800 

1,600 

2,400 

3,200 

4,000 

4,800 

5,(J00 

6,400 

7,200 

H,0(K) 

0*55 

880 

1,760 

2,640 

3,520 

4,400 

5,280 i 

6,160 

7,040 

7,020 

8,800 

0-60 

960 

1,920 

2,880 

3,840 

4,800 1 

5,760 1 

I 6,720 

7,680 

8,6.10 

0,600 


TABLE VIL-— Manganese. 


Carbon. 

Per cent. 
0*35. 

Per cent. 
0*40. 

Per cent. 
(r46. 

Per cent. 
0*50. 

Per (.‘cnt. 
0*55. 

. Per cent. 

' 0 *« 0 . 

Per cent. 

Li)s. per 

Lbs. per 

Li 8. per 

Lbs. per 

Lbs. pen* 

i 

! Lbs. per 

8 ( 1 - inch. 

8 ( 1 . inch. 

8 ( 1 . inch. 

8 ( 1 . iT\ch. 

8<i. inch. 

8 ( 1 . inch. 

0-05 

550 

1,100 

1,660 

2,200 

2,750 

3,300 

0-10 

650 

1,300 

1,960 

2,600 

3,250 

3,900 

0*15 

750 

1,500 

2,250 

3,000 

3,750 

4,500 

0-20 

860 

1,700 

2,550 

3,400 

4,250 

5,1(K) 

0-25 

950 

1,900 

2)850 

3,800 

4,750 

5,700 

0-30 

1,050 

2.100 

3,150 

4,200 

5,250 1 

6,3(K) 

0-35 

1,150 

2,300 

3,450 

4,600 

5,750 i 

6,900 

0-40 

1,250 

2,500 

3,750 

6,000 

6,250 1 

7,500 


Formula for acid steel, carbon by combustion : 

40,000 + 1,000 C + 1,000 P -H cc Mn + R = ultimate stress. 
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Formula for acid steel, carbon by colour: 

39,8(KJ + 1,140 C + P 4- Mn + R — ultimate stress. 

Formula for the basic steel, carbon by combustion : 

4' 770 CJ + 1,CKK) P + ^Mn + R = ultimate stress. 

Formula for basic steel, carbon by colour: 

42,(KR) -h B2C^ G -f iJKK) P -f- ^ Mn 4“ R ~ ultimate stress. 

These formtilie are extremely useful in the management of rolling mills, 
etc., and may be used for (|uite a wide variety of steel sections. 
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CHAPTER VIIL 

PHOSPHORUS, 

The condition in which phosphoruB oxintH in inm luni Hteid hiis Inmx studied 
by Percy/ Schneider/ Oheovor/ Jupiner/ Stead/ anti tnhera. By far the 
most important of those invostigatiom in that ity Steaii» which rniwists 
of a most careful chemical and metalloi^riiphical dc»ttormina!itm td the various 
combinations that iron and phosphonm are rapahlt^ td fttnniuix. Among 
the many important facts which ha has ckiarly eHtafihHhtnl arti : • 

1st. That slowly-cooled iron is capable <d hohling in Kcdhl Boluth)n 1*7 
per cent, of phosphorus, as phosphitle, Fe^P. Ctuniuercial wrtnigiii iron 
and steel containing low percentages of carbon camt.iiiii tht^ phosplmrus in 
this condition. 

2nd. The existence of the comptunal FcyP m placed btn'tuiti thniht 
This compound and the above solid solution forms a tniiectit* mix! tire ccm- 
taining 10*2 per cent, of phosphorus. 

3rd. Another chemical compound Fe^l^ k formeti, whic’h gives rise to 
a second eutectic, with FejjP containing IfrfjK per t'cnf. id pliosplmnw. 

The wonderful accuracy of Stead's work was coiifirminl by Saklatwiilla® 
in his thermal investigation of the iron phoHphorus synteiin from which ho 
constructed the constitution diagram {hg. iu7). .This diagram rails for 
no special comment, because its intcfrprctation m self evident. It is, however, 
rather unfortunate tliat the details wliicli have a tlirert liearing upon the 
question of steels are missing ; in tdher wonis, ac’ciirafe determinations 
of the oSect of phosphorus upon tho Ar^ and Ar^ critirul points are still 
needed. 

As regards steels, the importance of Stead « work lies in fli<! data he has 
published relating to the range of solid solutions cmitainiiig l«w than 1*7 per 
cent, of phosphorus, and the effect upon these <d inrrt*asmg perccufages id 
carbon. 

Concerning the effect of phosphorus idone witlumt tiic interv«*ntion <d 
carbon, Stead say8:-’“Jn proportion as the phosphorus is increaHcd from 
0*0 to 1*7 per cent., specimens darken ipiicker when etched iintlcr tlm Hame 
conditions. The dimensions of the grains also bei'ome larger m tlie phosphorus 
is raised, and when about 1*U |>er cent, k present cleavage fares more than 
an inch in diameter are frequently found in the fractun^d mateTiaL 

^ Met, of Iron and Steely Ixmdoa, iHfW. p. tM. 

^ Oesterreichische ZeiUchrift fur Jkrg> m!d HuUmimmi, lEHO, p. 730 ; ISS?, p. 362. 

® Trans. Amer. Inst. Mng. Engrs.., voL xv., p. 44H ; voL xvi., p. 2tHK 

* OesterreicMsche Zeitschrift far Ikrg» und Huttmumm, IS04, p. 20B. 

’^Journ. Iron and Eteel InsL^ lOCK), Ho. 2, pp. tKM44. 

« Ibid., 1908, No 2, p. 92. 
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“ The hardness of iron is steadily increased with each addition of phos¬ 
phorus, until, when it is saturated and contains 1 *7 |>er cent, of phosphorus, 
it Ukm a weli-hardeiudi drill to drill it pro|Kirly. The saturated solution 
has a hardn^ of about 5*5 on Mohr a scale. 

Heat-tinting does not give grelation in colouring between the outeide 
and centre of the grains, even when the phosphorus contained in them varies, 



Fig. 107. 

but strong etching leaves the parts that were laat to solidify relatively darker 
than the middle of the grains. Although the structure of pure iron and iron 
containing up to 1'7 percent, of phosphorus shows a similar ty|>e^of polygonal 
grains, there are certain clifferences in their ©tcdiing properties. The polished 
surfaces of the phosphoretic metals, on being etched with exceedingly dilute 
nitric acid, were transiently prismatically coloured. The different grains 
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assumed different colours, and on a Hin^lo 8|>ocuuen wore to he Been grains 
coloured yellow, orange, red, purple, green, ami blue. They changed rapidly 
from one colour to the others, and finally the (‘ohniring vaihshed with the 
continued action of the acid, and a brown stain dc‘poHit was left on the 
surface, which eventually became l)Iack. This black inatter c‘ould be removed 
from the surface by slight friction, and a(‘id tincture of iodine partially 
destroyed it.” 

Stead also made a number of very instructive exp(‘rimentH, in order to 
determine the effect of carbon upon the aflinity or solubility of phosphorus 
in the metallic solid solution. Some of the figures he obtained are given 
below (Tables YIIL and IX.) 


TABLE VHI. 


Nos. 



Carbon, 


Fb*rt|>!iorni. 


I1i*»|>lionH as frw 
Fb*»»|)biar, Fi^iF. 




For cont. 


J%n’ <•10)1. 


iVrt-r.jl. 

1 



0-95 


0*(Ki7 


ni! 

2 



0-»(! 


0*0IH> 


04KI2 

3 



0-95 


0*122 


0*035 

4 



0-9(i 


0*347 


0-005 

6 



1-02 


0*5.|H 


0*103 






TABLE 

IX. 



Nos. 


Carbon, 



Fhosphoruii 
frtio Fo.,F. 

Hi ‘ Fh««|ib«»rWi hi 
SuinttMii. 

Fhnwphorui, 

1 

For (tout 



F«r <*rnt. 

Frr t'ru! 


i 

nil 



nil 

I *75 


1*75 

2 


0-125 



0-lH 

1 -37 


1 *55 

3 


0*180 



0-59 

MH 


1-77 

4 


0*70 



1-(K) 

0'7r» 


1 *75 

5 


0-80 



1*06 

1 0-70 


1*70 

6 


1*40 



MO 

1 0*00 


1 *70 » 

7 


2-00 



MB 

1 0*55 


1*73 

8 


3-50 



1*40 

1 0*31 


L7I 


1 





i 




From these figures it is obvious that carbon has the (dltui of very materi¬ 
ally decreasing the amount of pliosphorim whicli (‘an la* lield in hoIuI solution 
by the iron, and causing it to separate fw the pii(wphid<^ of iron, hV^B, Further, 
it should be noted that the effect in this resiw’t is even more marked than 
would be expected when the amount of free iron presemt is taken into account. 
If the free ferrite which exists in these mixtures were saturated with phos¬ 
phorus, the alloy, No. 5, Table IX., after making ali(»wance for the iron 
m combination as carbide, should contain 86’t^ per cemt. of f(‘rrite {by weight), 
and, therefore, should be capable of holding 1*16 |wr tamt. of phosphorus 
in solution. The actual amount found to Ihi in solution was cmly 6-TO per 
cent. The difference is approximately the same proportion in the other 
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sainplen, and in no duo tt» an iin|Mirf<H*t Htato oi oquililiriunL Hltmd 

says’- It is prohiihlo that if tha rnass in cmrh aasa had haan greater, and 
the cooling sicm’or, the relative proportiims of phosphoriw thrown out of 
solution would have been tiifferant.” Anotlier disturbing factor is the differ” 
ence in the solubility of the plumphoriis when the steel is at tenipraturea 
just above and just below’ the Arj m carbitle t*hange. Or, in other words^ 
the solubility of phosphtirus is no doidit different in tlie c*arbida solid solution 
or ydnui than in a mm. 

No direct determinations have liaen made uptm the amount of phosphorus 
which steel can dissc^lve when at t«m|MirEture« just above the Afj change, 
hut useful deduetioiiH citn be iniMie frtim tho data in Steads pii|wr. Thus, 
he coneindw that a slowly^cooled pearhtk »teoI ooutainii^ about O-iKi |Hir 



flu. White Matrix Hioi|ihide of Iron, Fe,E v im 

cent, of carbon indds about 0*fl {>er cent, of phwphorus in a<ilution. 
however, the ferrite containiiil in such a steal were imturatiid with pinwphoru* 
it should he capable of lujlding about 1-4 {>er rent, by weight. The imtuftl 
figure, U‘6 |wr cent., t!mrefow% seenw to l>o gciverntMl by the condition—that 
is, the arnt>unt cff phospliorus which existed in at>lution just before the carbide 
change. When more phosphoriia i« preaent the excaai separates in the form 
of F63P as tlic {’ooling pr«H,’«M.itI» tti the Arj |K>int, and, after that change has 
0(‘curred, tlia excess «d pimsphida is only taken in solutitm by the ferrite 
by keeping the mafw at a teni{)eratiir© just ImjIow the Arj for a prcdonged 
time. 

It is known that phosphorus mmm the temperature of the carbide change, 
a fact whi<’!i indicates that thi« element is less soluble in the solid solution 
than in the prcxlucte cff its decomptmition. 
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F'ig. lOl). PhoHphuruM SogrogiiticHi, x IfHK 



Fig. 110—Phosphorus Segrogatioii in Steel Unr. White Bars = Areas ricli in Phos- 

pliorus, from which the Carbon has been almost completely cxpelltHL x 150. 


PHOSPHORUS. 


10& 


Fig. KJD vary clearly illuHtrates the fact that the critical points of steel 
are rah-ei by the adtiition of phosphorus. It was taken from a segregated 
portdon of steel bar, and was cut at right, angles to the direction of rolling. 
The segrt^ate in this instance w'lw t»riginally loc’ated between groups of 
crystals, and in conHc«|uence the phosphorus rich areas are irregularly dis¬ 
tributed throughout the mass. I’lie liar had been somewhat overlmated, 
and showed a coarsely crystalline, or what is Htuuetimes culled a granular 
fracture. After heating a piece of the steel for two hours at HtHT C,, the 
structure of tlie parts containirig h»w phosplmrus became refined i.e., tlie 
crystals became much smaller, imiicatiiig that they had passed through 
the critical piiints, whilst thofu^ high in pliosphorya remained unchanged 
(see the darker areas with relatively iiirgti manses of |ieiirlife). The etiect 
of phosphorus in ex|H»I!ing the ciirbon from areas high in plmsphorus is shown 
in fig. Ib^. In tliw cams the st4iel was lieated to IMKl' (f for two litmrs, and then 
slowly cooled. The phot«igriipli was tak«*ii from ii longitudiniil section, ami 
the white bands iiidic'iite tin* direcfioii of rolliiig. These white Immis contain 
very little carbtm, it having been removed or expelled by the relatively 
high percentage of phosphorus they ctuifiiin. 

When segregafitin is taking place during the milidificntion of n steel ingot, 
the liquid which i« last to m^idify that is, I he segregiite iilways contains 
more carbon im well as pliosplioriiH tlnin the part which Holiilitled at an 
earlier stage. Htciui has, liow-cvcr, sliowii thiit once the iiiiiss m perfectly 
solid butatiil at fcmptmilureH iiboiit ifn higlieHi nn'idem'enfe point, the carbon 
begins to ditlusc from the iireiis rich m phospliortH to thoiie rontiuning Imn 
of that element. When tlii.n ditlusiuii is ciunplrtc the phosphorctic parts 
are practically free from carbon. 

Phosphortw seems to necclcnde the rate iit which the c-rysfiilH of steel 
grow* W’hen at tempera!iirn^ above the critical points, iiinl it m no tioiibt 
ow‘ing to this action tliiit tins clement reiidem steel iinich iiiorit wmnifivis 
to overheat iiig. 

riven if it were m»! geiicriilly recfigiiismb it woiilt! be obvious from Steiwfft 
work that the deletcrioiis etierl of phonplioriis in producing cold sln^rtiieHii 
and lirittiene.Hs becomes greater ii« flic iwTctmtiigi' of ciirbon contium**! in a 
steel is raised. I'his In tlm* to the fart tiiat, ns tlm rarbon ciuifained in steel 
is raiseth the aimnmt of fn^e fernte present diminiMhes, tint! tin* plios* 

phoruH is tmly dissolvctl in fernte, if lieromcs conrenfrated in tlm! c*fm» 
stituent as tin* carlam content is riiised, Tliiw, tli« eiler! upon the fcrritii 
of 0*U4 per cemt. td pliospliortw in ii steel with totMi |a*r cent, of carbon is 
equivalent tti that of ti'iMli per rent, in ii stce! with only II- 2 U fier cant, of 
cariion. Jucfging from Dr. Steadi figurci* tlici practiciil effect in this com 
nection must be even morct seriotift thiin wanild be thcoreticnlly axpecteii, 
beiaiu.Hc the amount of free phosplikla of inm very rapidly iiirrtmscs m thii 
carbon «*onteiit i« rakiHl. 


C 11 A F T E H I X. 


SULPHUR. 


Sulphur is om of the tinavokiabk imptiritii'H whifh k in all com¬ 

mercial steels. Its efiec’t tipon the propiTfof the lacfal w. broadly simaking, 
•considered to be injurious, but in very luany iuHtanecH if m not hck’ The per¬ 
centage of sulphur is, however, gtmerally kepi m hnv m is practicable, but the 
permissible quantity laigely d«*pends upon tlu! piirptwi* for which tlie material 
is required, and also u|Km the kintl and dt»|*r«*e of ^ ineehaidcal treatment 
'it is subjected to in the ndlin^ and Immnwtmi operittioiiH. For st)me special 
engineering purposes the sulplutr must be below iMif |s»r cent., hut for 
ordinary constructional steel iMHj per cent, is geiierfill\‘ allowed, and as much 
as 0*08 per cent, or nume is known to have no eenouH etlec*t if suflicient 
manganese is present. 

Probably the most objectionable featun* <d abmjrinal quant it t«»s of sulphur 
is the tendency to render the inasM red sh<>rt ’* or lu'iftle whilst if is hot. 
This property is, however, one whi(di iilnemi invarjubly ;=?jvesthe iniinufacturer 
much more trouble in the rolling mill than it is likely to i:i\e ih« user, and 
consequently makes him auxhnm to keep the percentage witliin reanonablo 
limits. The actual amount of sulphur coiitHined in steid is mil the only 
factor which governs its influence, tins ruiidition in wliich it exists therein 
is of even greater importarK*e. 

Sulphur may be present in st<»el in I wti tliHliiicf clieiiiiriit foriiis. Professor 
Arnold ^ first demonsirated that in sfeid cofiijuiiine no nmngaiiese the sulphur 
exists as fenrous sulphitle, FeS. ami later h«* slioweti that in the pnwrnce of 
an excess of manganese the wlnde of tin* tiiilpimr is prewuit m sulphide of 
manganese, MnH. These two clieniic*al coinpoiimls ponsess totally tliflerent 
•mechanical characteristics, and, fhendc^re, impart tlitlerenf properties when 
present in steel Manganese Hidplii<ie is. b»r iiiMtiuire, ptnsfic at foiging 
temperatures, and can he readily elongated ttiflioiU bfung fractured when 
the metal is being rolled. On the other hand, the presence of iron sulphide 
is absolutely fatal to the forging pixqierta^s of steel. Ilim remarkable influence 
■of manganese in neutraliaing the evil etferts of siilpliiir was very idearly 
brought to light in the experiinents inmle by Urinell in lie found 

that steel containing as much as u*5r» pi*r cent, of Miplmr along with l-tKl per 
cent, of manganese coukl Im easily rol!f‘d, ami fur!her, tlmt the mechanical 
properties of the metal wlien tcHfed in the direct ion of rolling were iit least 
■equal to those of a steel with about tli« same c.ar!«ui rontmit, i>ut cHUitaining 

^Jotirn. Inmumi SUri /«.<!., No. I, |». 1211. 

^jQum» Irmi ami Ih#?., IIKU, 2. |t. 234, 
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exceedingly low percentages of sulphur. From results he obtained with a 
.•steel containing— 


Carbon, 

Silicon, 

Manganese. 

Sulphur, 

Phosphorus, 


0*31 per cent. 
0*126 „ 
0*94 „ 

0*150 „ 

0*033 „ 


He concludes :—“ Although here, too, the percentage of sulphur far exceeds 
-fche ordinary limit, the adoption of this description of steel for practical 
purposes is by no means precluded on this account. . . . The tensile 

properties of this metal proved to be quite satisfactory in the direction of 
rollii^, and the hardening properties were found to be unexceptional. The 
material was superior with regard to resistance to impact to any of the low 
-anlphur steels. This was the case in every kind of test, whether in the hardened 
-or unhardened state, at a low or a high temperature, or whether the specimens 
were notched or normal.” 

From the foregoing remarks it is almost unnecessary to emphasise the 
importance of having sufficient manganese in steel to ensure that all the 
sulphur exists as manganese sulphide, or that none should be present as 
sulphide of iron. Owing to segregation, etc., this state of affairs cannot 
safely be attained by merely arranging that the ratio of manganese and 
sulphur in the steel conforms to that of the formula MnS. In other words, 
•even if there is enough manganese present to combine with the whole of the 
sulphur, its unequal distribution may leave some sulphur free to form iron 
sulphide. 

Sulphide enclosures and segregation can be detected without the aid 
of the microscope. The method which was first described by Heyn and Bauer ^ 
is as follows :—The specimen is first roughly polished, and a piece of silk, 
which has previously been dipped in a solution of hydrochloric acid and 
mercuric chloride, is carefully spread over the surface, and allowed to remain 
in contact for about five minutes. The solution should contain about 10 
grammes of mercuric chloride, 20 c.c. of hydrochloric acid (1*124), and 
100 c.c. of water. The acid attacks the sulphide areas, with the formation 
of HgS, and this precipitates black mercuric sulphide from the mercuric 
chloride solution with which the silk is impregnated. The sulphur prints 
thus obtained are coloured to a var 3 ?ing degree, according to the distribution 
of sulphur. They are very useful in determining what section of the specimen 
should be reserved for more detailed examination under the microscope. 
A similar method is to. use silver bromide photographic paper which is first 
wetted with dilute sulphuric acid and then placed on the polished surface 
of the steel. In this case also the sulphuretted hydrogen which is liberated 
from the sulphides blackens those parts of the bromide paper with which 
they are in contact. 

Manganese sulphide can be readily detected under the microscope as a 
dull grey or dove-coloured constituent in the form of globular or irregular¬ 
shaped areas. In sections that have been polished at right angles to the 
direction of rolling, this constituent appears as small specks, which are often 


^ Bericht des MaterialprUfungsamtes, 1906, vol. xxiv. 
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Fig. 11.1. — Muminium Ingot No. 1108. Manganese, 0*41 per cent. ; Siilphin 
0’53 per cent. Magnified 490 diameters and reduced by onedialf. {Arnol 
and Bolsnver.) 
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difficult to see» hut, on aerouiit of the elongation during rolling, they appear 
as long bars when tlie ptdwiieii aurfiiee hiw l>een rut parallel to the dirortion 
of rolling. Fig. 111 hIuhve an elongated patrh of iniinganeae sulphide. The 
same constituent i« almi sliowii in %. l!2, which representn a locally segre¬ 
gated area in a slowly cutded steel mating. 

Sulphide of iron, when viewed under the niif*rcmco|ie, is pale yellow or 
yellowish"brown, whicli inay be euibeddcHl aimig with or juxtaposed to 
sulphide of manganese, rnlma great cart* m taken in the exaininathm of 
microHectituw containing fitme twit sulphides, it i« a very ditlicult matter to 
distinguish them, mptwially when only amiill <|uantitios are present. Both 
are shown in fig. 113 {frontispiere), whicli has Iteeii reprodutu*d from a 
paper by Professor Anmhi and Mr. U. H. Bolnover.* 

In an excellent |ia|a*r dealing with thi« subject. Mr. U. Edhl ^ gays 
It is very often ditlicult (if not ipnte iniposmbli* in the case of small en- 
cioHures), es|MH'ia!ly in tim case id miiiigiiiiese sulpliitle, to correctly rec’ognwe 
the tint.'* Mr. K. F. Law* also says that “the sulphide ocmirring in steel 
varies very much in ciiloiir and compositimi. In some steels it is so pid<* m 
colour that it is iliffnnilt to pliofogntph, whereiis in of tiers it is so dark that 
it may easily be misfitkeit fi»r iiiiingiiiieHe silimte/’ 

According to Mat wine If,* tlio two siilpliideH ciiti be disfinguislietl by 
etching with tartiirir lond wliiiii the fernuiii Hulphide becomes darkened 
while the mangiinese sulphide reimiifts iiiicliitiiged. By using a I per cent, 
solution of pk’rir acid in iih'oliol Udli! obtained a similar darktmiiig of tlie 
iron sulphiiie, the timi* of elching being about lliree mmutes. Le diatidier ^ 
olwerveii that by using a 5 per cent, solution of pic-ric aind in alcohol veins 
are de.veioped in tlie ferrite which coimeri tip the viinoiis ferrous Hulphule 
an*a.H ; these lines tire no doubt itiie to truces of sulpliide existing in the ferrite 
grains. 

Ferrous sulphide solidifies at LIH|4'' {*,, nnd thw teiii|M*rfitiirfi iMiing rtiin 
siderably below that at winch the iiifi«, even in the vmt* of high carbon 
steels, liecomes rompletidy solut, the sidphitle i« m|ueezed to and wilidifies 
at the boundaries of the I’rystiils. Thiwo aiilpliidii boundaries or piitches 
then form \nmm upon iiliich the ferrite that »iibM!i|tiently HeparatcH from 
solid solution tend to grow, This low lieeii ilriiwii at ten! ion to by Dr, Romm- 
hain,® and in very noticeable in slowly cooled steel mstingH (see fig. II2|. 
The presence of sulphides in the form of a more or less continuous network, 
and surrounded or aupptirted by idnioHt piiro fi^rrite, is inosl imdemrabk 
in steel castings whicli may fuilijerted to sudden stremiiM, The object of 
annealing^or refining is to bring about a reerystiillwiitioii of the ma» and 
regular dwtribution of the ciirbon (see figa 1*23 ami 124, Dliap. X). By 
heating just above! the teniperattmf at which the whole of the carbim and 
iron form a homogeneous «olki solution, followed by slow cooling, the net¬ 
work of ferrite anti sulphide get completely broken up, and the ductility 
of the metal m very much improved. K§M has found tiiiit the freezing 

^Jmirn. inm mul ^Siml imf,, 1014, No. I, p. 

*j 0 um, Inm and Skd ImL, 11*12, C&riiegit ineaioir, p. 28. 

^ IIM17, No. 2, p, ©4. 

* Herui dt 1910, p. 447. 

^ Bvildm fl# ki Smidi d*Bnmnmg§mmt» 8©pfc. IW2. 

* Intmmtumal /Iswe^alim /or Tmitng Maimali, 1000, Ho. ^ 
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temperature of pure manganese sulphide is 1,620® C., which is considerably 
higher than that of pure iron (1,505® 0.)* The melting point diagram and 
oonstitution of the iron-manganese sulphide system has not been determined, 
and it is, therefore, impossible to decide whether there is a eutectic or not, 
or even at what temperature solidification of the manganese sulphide, con¬ 
tained in steels, takes place. Indeed, Rohrs investigations seem to indicate, 
as Dr. Stead suggests,^ that manganese sulphide does not solidify in the pure 
-condition from liquid steel, but in the form of a solid solution of Mn 3 Fe 2 S 5 
along with MnS, and that as the mass slowly cools the double compound 
becomes unstable, and the manganese in the surrounding steel replaces 



the iron in combination with the sulphur. From the available evidence, 
it is uncertain whether this view is correct. This would mean that at very 
high temperatures the affinity of the iron when in large quantities is sufficient 
to partly overcome that of manganese for sulphur, and that at lower tem¬ 
peratures or at a certain definite critical point the influence of the manganese 
predominates. 

If this is really what occurs it would account for the fact that what is 
generally regarded as manganese sulphide frequently possesses different 
tints when viewed under the microscope, or these variations may be due 
to differences in the composition of the solid solution between MngFegSs 
.and MnS. Further, it may be the cause of the dove-grey sulphides solidifying 
in a variety of forms in cast steels containing different proportions of man¬ 
ganese and sulphur. As previously indicated, these enclosures often take 
the form of a more or less complete meshwork, when they must clearly have 


^ Discussion on Arnold and Bolsover’s paper. 
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solidified at a later period than the otlier portions <if tlie Htcad. In other 
cases, however, they take a welhdefinod cryatailine form (nee fii^s. II 4 and 
115), when they must have solidified at a niueh earlier perioii, and probably 
before the steel as a whole iiad eomineneed t(» solidify, or at least whilst it 
was still pasty. 

KohFs diagram for the sulphides system, FeS 1 MnS, is shown in fig. 116. 
It is important to note that Rohl givt‘H no definite evidenee for supposing 
that the line ABC (fig. 116) eorrcHponds to a <lefinite double eoinpound 
of the two sulphides. In fact, all the experiinental observatioiw would be 
satisfied if the line ABC were eliminated from tlu* tliai^ram and a sloping 
line drawn from the point B to me(‘t tlu^ pt>int I). B wouhl tlmn indicate 
the saturation point of FelS in solid MnS. 



CHAPTER X, 


BURNING AND OVERHEATING STEELS. 

The tenuB burnt/' ami ovurhtmteil,'' which are frmjutfntly unml in the 
Btcel trade, are often employed in Hueh a general KenHc tliat it in diflieidt 
to attach any real Hignilicance to their application, it may, ho\vev(u*, be 
taken for grantcni that wlnm a sleid in naid to i)e burnt its proper!i(»H <i<> not 
eome up to exp(‘ctationB. Even in the mont caref\illy nmnagcil work.s, Hteel 
may occaHionally g(‘f ovtu-heatinl or i)urnt, ami if it get.s int<i a uHt'r'.H handn 
it may giv(^ riBt^ to con.Hidcu'uble troubh^ It sliould Ins n*mf*mlH*r(Mh however, 
that manufacturerH are, not ulwuy.s t.he eulpritn in this connection, and it 
frequently happenn that a Htt»el of <!xcelh*nt (piaiity is ruined i>y careh‘HH 
laaiting at th(‘ hamls of the consumer. 

The exact nature of the c*hang{‘s which take place, ami (‘vmi tin* pretUHii 
meaning of tlic^ teruis “ burnt ’* atid overluaited *' wcu’c for a <*on.siderable 
time very impcudislly und<u’s(ood. 

A c{unmittee. of the Iron and Stetd In.stifute, ^ on the nonumclature of 
metallography dcdinen overlu*atedas “ applitnl to .steel that has betm 
heated to exct^.sH a!id not cpiite burnt.” 

The term “ l)urnt'' is dehmsi an follows : “ Applietl to metal which 

ia britthi in con.seqmmct* of an alteration of its masH eauaed i*y excesHive 
h(3ating. H(‘.cen!. study has nliown that a HO'<*alled liurnt Hteel is not nia-es- 
sarily oxidiwal in its mass. Nt‘ar to the axte.rnal surface, if carbon in low oi 
abscmt, intergranular layers of oxide of iron may soinetinaw be deUa'ted. 
ddie chemical eomposition is iiot. ne.eesHarily altered by tint Ho-cailled burning. 
Steel tnay, on heating to a vcuy high tcuuperat-un* in an inert atmoHp}H*re, 
devclo}), after cooling, many of the proper!ic‘» burnt- steed. Burnt steel 
is generally eoarstdy granular, ami is easily fradured." 

Professor Ilowt/'^ Htat(*s : -‘AStc^el wliicdt has been expostui to a very 
high temperature is known as ‘ i)urnt.' It is eohbshort and brittle, can 
be forged and wedded only with care, and has a low tensile strength. Its 
fracture is (u>arse and (3ven flaky, (‘rystalline, with brilliant facuds. Steel 
knowm as ‘ overheated ' has a coarse structure, which may be removed more 
or less completely })y reheating or careful forging. Kxc'essivtdy hmg or 
strong overheating produces the structure known as ' burnt/ and tlie coarse¬ 
ness and brittleness due t(» burning are removed witli greater diflicully, 
and much less completely tlian those due to ovorlieating, yet in the same 
manner and by the same expetlient-s.” 

Professor Btansfudd says > The term burning as applied to Btt‘cl 

^ Jimrn, of Iron and tiled JnsL^ HK)2, No. 1. 

- Metallurgy of iSteel. 

^ Journ, of Iron and vol. xL, 1003. 
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arises, no doubt, from the appearance of scintillating sparks which often 
accompany serious overheating of steel.’* Be defines overheating as “ re¬ 
heating to below the point of incipient fusion,” and says that “ steels that 
have been merely overheated can be completely restored by heating just 
above their highest recalescence point and allowing to cool.” 

Dr. Stead^ says:—“Confusion appears to have arisen by confounding 
‘ burnt ’ with ‘ overheated ’ steels.” ile gives a concise definition of each 
term. “ Overheating is heating at any point below that which produces 
incipient disintegration, and results in the formation of large crystals.” 
“ Burning is heating at or above the point at which such disintegration 
occurs ; burnt steel is nearly always coarsely crystalline.” 

Early in his researches Stanslield was led to connect the phenomena 
of burning with the actual fusion of part of the steel, and tlie data he obtained, 
and also that published by Stead, amply confirm that view. Therefore, 
knowing that the temperatures at which steels begin to melt are lower the 
greater the carbon content, it follows that the burning temperatures are 
lowered in the same way. 

In the operation of heating the physical changes that occur in steel are 
exactly the reverse of those that take place on cooling. When heated to a 
temperature just above the Ac^, Acj^, and Acj^ points the whole of the carl)!)!! 
and iron‘exist as a homogeneous solid solution of car})ide of iron in y-iron. 
At first these crystals of solid solution are exceedingly small, but as the 
temperature is further raised or the time is prolonged some of tliem grow 
at the expense of those surrounding them. There is no doubt that crystal 
growth begins immediately the temperature is raised above the highest 
critical point of any particular steel, but from a practi(^al point of view the 
rate of this growth is more directly influenced by raising the temperature 
still higher. It is impossible at present to lay down any definite rule indi¬ 
cating the precise temperature at which the crystals begin to grow at what 
may be regarded as a dangerous rate, because this is also afie(‘b.cd by thc^- 
carbon content of the steel. Further, in addition to tiie tiitie factor, the 
mass has also to be taken into consideration on account of its influem‘e 
upon the subsequent rate of cooling. Still another (consideration of (consider¬ 
able importance is the amount of deformation or work, if any, that is put 
upon the steel after the heating. 

Crystal growth continues as steel is heated up to the temperature at 
which it begins to melt, when the liquid which is then formed contains miuch 
more carbon than the average of the steel. The phosphorus and sulphur 
also become concentrated in the molten poition. At first the li(|uid exists 
in the form of infinitely small globules throughout tlio crystals, very much 
in the same manner as the initial separation of water from im atmoH])here 
which is super-saturated with aqueous vapour. These minute globules 
coalesce, forming relatively large drops, which, owing to the attractive 
forces between the solid units of the crystals, are squeezed to the boundaries, 
and form a complete liquid envelope around the crystals. This is illustratod 
in fig. 117, where the white areas represent the parts of the specimen tliat 
were liquid at the temperature from which it was quenched. When this stage* 
is reached the conditions are most favourable for the liberation of any dis- 


Journ. of Iron and, Steel Inst., 1905, No. 2. 
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solved gas which the steel may contain, and it is the sudden evolution of gas 
under these conditions which causes tJie characteristic scintillation of burning 
steel The blisters which are formed in many burnt specijnens of st^I are 
also caused by the gas bubbling through the li({uid surrounding the cry. tala 
It has been demonstrated by Stead that the embrittling of steel after 
burning is not caused by the relatively high carbon content of the liquid 
which is formed at the burning temperature, because on again cooling this 
carbon quickly diffuses back into the crystals. Indeed, when the steel is 
c(X>lod through the At^, Ar^ critical points a large proportion of the ferrite 
which is then deposited from the solid solution finds its way to the crystal 
boundaries, or in much the same position that the original high carbon 
liquid occupied. Stead considers that the brittleness is due to the phosphorus 



Fig. 117.—Quenched from Burning Temperature. Whit(‘ Aroat correspond to Farts 

that wore Liquid, x 150. 

which becomes concentrated in the licjuid envelope not diffusing back into 
the solid as the steel is cooled from the burning temperature, lie says 
“ If the burning has been very severe, the white carbon free envelopes are 
sometimes very rich in phosphorus, and on etching with i)icric acid in water 
they rapidly become darkenod~a proof of the presence of the phospliorus. 
It is well known that on removing the oxide of iron scale, which forms on 
steel which has been correctly heated, the surface of the metal is perfectly 
smooth and clean, presenting no indication of cracks. If the steel be, how¬ 
ever, heated to the burning temperature—ie., to the tomperaburo at wliich 
it b^ins to melt, when it becomes brittle—after removing the scale the 
surface of the metal is seen to bo covered with little blisters, if the steel 
when in this condition be rolled, hammered or strained in any way, cracks 
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are immediately formed at the crystal junctioiis of the metal, and the freshly 
exposed surfaces become coated with a film of oxide of iron. It is these 
ileposits, so common in slightly worked burnt steel, that has led to the 
erroneous conclusion that oxygen finds its w^ay between the crystal joints 
of the solid metal. Mut*h careful research during the last ten years has 
led me to camclude that during the heating in the furnace, unless the material 
is distributed or shaken, tliere can be no internal oxidation of the iron and 
no inter-crystalline formation of iron oxide, tliat oxide of iron is only formed 
in the envelo|K?!, and it is only after the formation of fissures or incipient 
8e})aration of thc^ crystals by strain f-hat oxygen can enter below the skin.’' 

The britthmc^HH which is causcMl by overheating is revealed in test spe(*imens 
by a diminution in the ductility as shown by a <iecreaH(3d elongation, con- 



Fig. 120,— Uvta'h«*at(Hi Sttn^L >: ir>0. 


traction of area at the fracture, resistance to shock and fatigue, and a coars(^ly 
crystalline or what is often termed a granular fracture. From what has 
been said above, it is obvious tliat this is not due to any change of cJiemical 
constitution, but to the fact thati there lias iieen an alteration in the internal 
arrangement of the constituents, ferrite and pearlite. After overheating 
these c.onstitmmtH exist in the metal in much larger patches. ^ This coarsely 
crystalline structure can bo removed and the normal properties of the steel 
restored simply by reheating the mass to slightly above the temperature 
of its highest recaloscence point, followed by slow cooling. 1die structures 
of three dittoront overheated steels are shown in figs. 118, 11b, and 120, 
and the struc.turos soon in figs. 121 and 122 were taken from the same specimens 
as figs. IIU and 120 after refining or heating to bOO * U., and then slowly cooled. 
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Fig. 123.—Structure of Cast Steel, x 150. 
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Fig. 124.—Same Specimen as Fig. 123 after Annealing, x 150. 


124 


THE PHYSICO-CHEMICAL PKOFEETIES OF STEEL. 


This refining of the structure is caused by the recrystallisation, which occurs 
as the metal passes through the critical ranges of temperature. The most 
probable explanation of this operation is as follows :~Stariing with an 
overheated steel possessing a structure as shown in fig. 118. on heating to 
just above the Ac^ point, the dark pearlitic areas become transformed into 
the y-iron solid solution. Each of those areas do not, however, possess a 
uniform orientation—i.e., consist of one crystal ^-but of a very large number 
of minute crystals of differing orientation. Tins recrystallisation on heating 
is in many ways similar to the formation of small crystals from u litjuid as 
it passes through its freezing temperature. When the steel is further heated 
the initial crystals of the solid solution which ccnt.ain per centu of carbon 
become capable of holding more iron in solution. Hence the ferrite surround” 
ing these cryKstala is progresvHivoIy taken into soluticm as t.iu^ temperature is 
raised. Kedistribution of the ferrite and carbon proceeds in this way. by 
difiusion, until the tem]>eraturo of the highest recalesi'cuict^ point is reached, 
•when the carbon is uniformly distributed through the mass. Whilst the steel 
is then of the same constitution as it was during the time overh(*ating, 
owing to the recrystallisation which occurred on leaiting through the Acj 
point and upwards, it possesses an infinitely finer crystalline structuie. 1 kuu;e, 
when the metal is again cooled these small c.rystials lafiiavt^ quit.e in<iependently 
by depositing the ferrite they c.ontain in relatively small musses, and finally 
leaving only small areas of pearlite. 

It has been shown by Stead that the properties of rather low carhori steels 
which have been burnt can be restored by the same heat treat-ment as that 
for overheated steels. 

It should be noted at this stage that there is a <iecided feeling amorigst 
metallurgists who have to deal witli carbon tool steel containing per 
cent, of carbon or more, that when such steel is overln^afed it gives what 
is known as a “dry fracture,'’ which cannot be removed by heat treatment 
or mechanical work. 

The brittleness of overheated stool is largely, if not entirely, duo to the 
lack of grip or intorcrystalline penetration of the met.al 

The operation of refining overheated steel is fundamentally the same 
as that of annealing steel castings. 

The microstructuro of a steel casting is shown in fig. I2'h where^ Hus l^rittJe 
sulphide of manganese can be seen runiung through tlie white, ferrite an^as. 
The structure of tlie same steel, after heating to iHK) ’ (t folhaved by slow 
cooling, is shown in fig. 124. This treatment Iaus refined the structure of the 
metal, and whilst the sulphide of manganese is still pre.se!it., it- can scarcely 
be detected at a magnification of 150 diameters, and its eml)rittling eflect 
is reduced to a minimum. 
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CHAPTEE XL 

THE DEFORMATION AND STRAIN HARDENING 
OF METALS. 

One of tlie most useful properties possessed by metals is the facility with 
which they undergo plastic deformation when pressed, hammered, or rolled. 
Until a comparatively short time ago it was generally supposed that this 
change of shape was brought about very much in the same manner as the 
deformation of such pasty substances as putty and soft pitch when subjected 



Fig 125,—Showing Slip Bands passing through Twin Crystals. X 160, 

to unequal pressures. But, as a result of the many investigations made 
by Professor Ewing and Dr. Rosenhain,^ it has been conclusively demon¬ 
strated that the deformation of metals under strain is accompanied by a 
process of direct slipping along the gliding planes or surfaces of the numerous 
crystals contained in the metaUic mass. It has been shown by the above- 

^ “ The Crystalline Structure of Metals,'* FM. Trans,, 1900, p, 353; 1901, p. 279. 
“ Experiments on Micro-Metallurgy—Effects of Strain," Proc. Roy, Soc,, 1899, vol. Ixv.^ 
p. 85. 
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mentioned observers that evidence of tliis slipping can be readily seen by 
first carefully polishing the surface of a metal and then straining it sufficiently 
to produce permanent deformation. An examination under the microscope 
will then reveal a number of lines running in different directions on the 
various crystals (see fig. 125). The lines have been described by Ewing and 
Rosenhain as “ slip bands.’* The nature of this slipping will no doubt be 
more readily imderstood from the diagrammatic illustration given in fig. 126. 
When metals are deformed in the cold state, they become much harder. 

This hardening is generally referred to as strain hardening. Various 
theories have, from time to time, been advanced to explain tiiis particular 
kind of hardening. At first sight it would appear that this is merely due 
to the mass becoming more compact, and consequently loss easy to penetrate 
or pull apart. Simple as this explanation is, modern research has conclusively 
proved that it is quite inadequate, though it certainly contains some truth. 
Another explanation is that the mechanical deformation produces smaller 

crystal grains, and the increased 
hardness is duo to the crystalline 
fineness of structure. 

The theory which now seems to 
be most generally accepted is that 
advanced by Dr. Beilby. There is, 
however, another, due largely to 
Professor Tammann, which cannot, 
be entirely overlooked. Most of 
Dr. Beil by’s work ^ has been sum¬ 
marised in a lecture which he gave 
before the Institute of Metals, May 
AFber Straining. 12th, 1912. In that lecture ho 

Eig. 126.~-Diagram illautrating tlio Effect of said“ In the operation of polish- 
strain upon Metals (Uzuing and Rosenhain). ing a true skin is formed over the 

polished surface. This skin gives 
unmistakable signs that it has passed through a state in which it must have 
possessed the perfect mobility of a liquid. In its final state it possesses 
distinctive qualities, which differentiate its substance very clearly from 
that of the unaltered substance beneath it. It is, for instance, much 
harder, and, even when formed on tlie surface of a crystal on which the 
hardness varies in different directions, its hardness is the same in all 
directions. The discovery that layers of a solid, many hundreds of 
molecules in thickness, can have the mobility of the liquid state conferred 
upon them by purely mechanical movement, opened up a new field of 
inquiry into the internal structure of metals which have been hardened 
by cold working. As a result of this inquiry a theory of the hard and 
soft states was suggested. According to this theory, hardening results from 

^ “ Surface Flow in Crystalline Solids under Mechanical Listurbanoe,” Proc. Roy. 
Soc,, 1903, vol. IxxiL, p. 218. “ The Hard and Soft States in Metals,'' Philosophical 
Magazine, 1904, p. 258. “ Surface Structure of Solids," Soc. Ohem. Ind., Liverpool, 1903. 

The Hard and Soft States in Metals," Faraday Society, June 9, 1904. “ Tho Hard and 
Soft States in Ductile Metals," Proc. Roy. Soc., 1907, A, vol. Ixxix., p. 463. “ Influence 

of Phase Changes on the Tenacity of Ductile Metals at the Ordinary Temperature and 
ai the Boiling Point of Liquid Air," Proc. Roy. Soc., 1905, A, vol, Ixxvi., p. 462. 
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the formation at all the surfaces of slip or shear of mobile layers similar 
to those produced on the outer surface by polishing. These layers only 
retain their mobility for a very brief period and then solidify in a vitreous 
amorphous state, thus forming a cementing material at all surfaces of sLp 
or shear through the mass. In the use now made of the term amorphous, 
it means non-crystalline in the most intimate sense of the word; in this 
state molecules are not marshalled in crystalline order and orientation. 
The addition of the qualifying term “ vitreous ” narrows the field to sub¬ 
stances which in some degree resemble the glass-like form assumed by the 
silicates when they are solidified from the molten state.” 

This theory has been opposed chiefly by Professor Tammann^ on the 
ground that it involves a violation of the phase rule, and also because it 
does not account for the difference between the action of uniform (hydro¬ 
static) pressures, and of pressures causing flow. 

The answers to these objections have been extensively dealt with by 
Dr. Eosenhain.^ According to the phase rule, the liquid of a pure metal 
can exist in contact and in equilibrium with its own solid only at one par¬ 
ticular temperature—viz., the freezing temperature, when the pressure is 
constant. The rule makes no stipulation as to the time it is necessary to 
allow for any unstable phase to be converted into its stable variety. There¬ 
fore, if it can be demonstrated that an unstable phase or constituent does 
in the slightest degree, and at any temperature within its unstable range, 
tend to be converted into the stable condition, the requirements of the phase 
rule are amply satisfied. In actual practice it may, and indeed under certain 
conditions it does, take an almost indefinite number of years for the wh‘ie 
of a transform?tion to be completed. In most cases the velocity of this 
kind of change is at a maximum, when the mass is at a temperature not very 
much below that of the normal inversion temperature, but in some the 
tendency for an unstable phase to take up its more permanent form increases 
as the temperature is raised to just below the critical change point. Dr 
Beil by’s theory is, therefore, in no way opposed to the phase rule. The 
well-known amorphous substance glass, as it is commonly used, is in an 
unstable state, from, the point of view of the phase rule, because at the 
ordinary temperature it should be in the crystalline form to be in a perfectly 
stable condition. In the discussion on a paper by Professor Carpenter and 
the author,^ Dr. Beilby has placed on record certain theoretical reasons 
for considering that the amorphous condition, though it occupies a larger 
volume—^that is to say, it is less dense than the crystalline state—should, 
nevertheless, possess a greater degree of hardness. It is rather significant 
to note that the high pressure jets^of water that are used in hydraulic mining 
operations are so hard that it is impossible to cut through them with a two- 
handed steel saw. ■ This kinetic hardness is caused by the increased number 
of molecules that are passing through a given space per unit of time. The 
increased hardness of the amorphous material which is produced by the 
cold working of metals may be accounted for in this way. The true metalfio 
liquid possesses a much greater kinetic energy than the crystalline solid, 
but the amorphous state which is produced by the cold working of metah 

^ Zdisclirift fiir ElectrocTiemie, 1912, vol. xviii., p. 584. 

* Engineering, 1913, vol. xcvi,, pp. 509-511, 537-539. 

8 Iron and Steel Inst,, 1914-, No. 1, p. 178. 
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must have an evan greater kinetic energy than the ortiinary li(j[nid. becauee 
of the high presstiiets that are nwenaary to keep it in that cnnditiun. 

It has been ahown that the hunina-w which haw lieen (levelopul in motala 
as a result of cold vmrking can he readily reimived hy heating te a uuKlorately 
low temperaturo. This is explained hy the recrystallisatinn of iheiuuorphouB 
layers. The actual temperature at which tliis recrystallisatinn i« completed 
varies indifferect nuatals. and is also deiKjndent uptm the time of heating. 

Professor G. Taiiunann explains the wlmle of the above phenomena in 
a somewhat differen t manner. He says that the hartlening hy cuki straining 
is produced as a luault of the formation of an im-reasing numkir of crj'stalline 
lamellse, without my destruction of the true crystalline arrangement. Whilst 



A B 

Fig. 127. 


the metal is being su bjected to deformation eiicigy is alworlxsl im a result 
of the formation of sw many now iKiumling surfaceH. anil this r«np|M'urs in 
the hardened metal, in the form of increaswi solution, pressure, etc. Ai-cordiug 
to this view, a worked metal differs from an unworkod, in having its crystals 
definitely orientod, o wuig to the devidoptnent of cleavage lamelln* and 
twinning. 

This theory has l)e.6n eonsidorahly doveliJjHsI in an excellent paimr which 
was recently published by Mr. 0. Ohapjssll.* Ho is of tho opinion that when 
metals are subjected t o etresa the molecular or crystal units at tho cleavage 
or gliding planes ate brought into a state of high tension (Stage A, lig. 127). 
This corresponds witlu tho condition which exists until the stress actually 

p BectystalliMtaon of Deformed Iron," doum. Iron and Ultti 1914, No. 1, 
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reaches that of the elastic limit of the material. “ When, however, by further 
deformation along one of these planes, the tension becomes greater than 
the molecular cohesion, the molecidar continuity is broken, and the deforma¬ 
tion along this plane becomes permanent (Stage B, fig. 127). This would 
then constitute exceedingly fine twin lamellse. “Moreover, by the simple 
grinding together of these two surfaces in the course of further deformation, 
a layer of debris is produced between them, in just the same way as when 
two stones are rubbed together.” He considers that this debris still retains 
its crystalline nature, and may be regarded as a layer of highly metacrystalline 
material. He quite legitimately says that the decreased density which 
accompanies plastic deformation may be accounted for by the fact that the 
debris, though still crystalline, will occupy a larger volume than when fitted 
together accurately in the crystalline mass, just as bricks occupy a larger 
volume when in an irregular heap than if built into a wall. It will be seen 



Fig. 130.—Showing Effect of Local Deformation upon the Structure of Mild 
Steel. X 150. 

that this theory is in many ways similar to the amorphous theory advanced 
by Dr. Beilby, and supported by Dr. Eosenhain, but when it is applied to 
the phenomena which Mr. Chappell was considering, it certainly seems to 
possess some advantages. Up to the present it has not been possible to test 
which is really the correct view ; in fact, it may be found that both are 
true up to a certain point, but that each has its limitations. So far as one 
is able to judge, it is purely a matter of opinion as to which of the two should 
be accepted, and it would, therefore, be unwise to make any dogmatic asser¬ 
tion untn more conclusive evidence is available. 

It may be of interest to note at this stage that it has been shown by 
Professor Carpenter and the present author ^ that the crystals of certain 

'^Joum. Iron and Steel Inst., No. 1, 1914. 
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metals are capable of becoming twinned by direct mechanical deformation. 
Thus, tin, zinc, and cadmium will readily form twin crystals. The case of 
tin is particularly interesting, and may prove to be very important theoreti¬ 
cally ; it has been shown by the author that when this metal is bent in 
compression the crystals are immediately twinned (fig. 128), but when 
.subjected to pure tensional strains only the ordinary slip bands are developed 
(fig. 129). These facts indicate that the plastic deformation of metals is 
not always accompanied by a process of pure slipping alone, but that in at 
least some instances fine twin lamellae are formed. This leads one to wonder 
‘whether the ordinary cases of deformation of metals is indeed due to true 
slip upon the gliding planes, or whether what are now regarded as slip bands 
are exceedingly fine twin lamella) far beyond the powers of the microscope. 

The effect of local deformation upon the structure of mild steel is illustrated 
in fig. 130. 


Rapid Recrystallisation of Iron and Mild Steel after Deformation and 
Annealing at Certain Temperature. 

The first detailed account of the remarkable recrystallising properties 
■of strained iron and steel was published by Dr. Btead.^ lie fouml that '' in 
practically carbonless pure irons and steels of fine grain produced by forging 
. . . t/he grains increase slowly in size at oOO'-' C., and more lapidly between 
■600*^ and 750^ 0., and it is possible by Jieating lor a few hours at about- TtHT (]. 
to develop granular masses of exceeding coarseness. When pure iron ma<ie 
coarsely granular by long heating at a dull red heat is heated between 750"^ 
and 870"^ C., as a rule the structure is not altered to any material extent, 
but as soon as the temperature rises to about 900° C. the granules again 
become small.” 

Other investigations which have a direct or indirect bearing upon this 
question have been published by Goerens,^ Heyn,^ Brunton,'^ Longmuir/ 
Charpy,® Lo Chatelier,'^ Sauveur,® Robin,® and, finally, by Chappell/® in a 
most interesting and instructive paper. 

It has been observed by a number of the above workers that this 
phenomenal crystallisation is dependent upon the actual amount or degree 

Crystallino Structure of Iron and Steel," JotmL Iron and /S’teel ImL, 1898. 
No. 1, p. 145. 

^ “ On the Influence of Cold Working and Annealing on the Properties of Iron and 
Steel," Iron and Steel Inst, vol iii., 1911, p. 820, 

^ “ Dio Umwandlung des Kleingofuges bei Eisen und Kupfor durcli Formanderung 
im Kalton Zustando und darauf folgendes Ausgliihen," ZeiL des Vereines deutncMr 
Ingenieure, 1900, No. .1, p. 433. 

^ “ The Heat Treatment of Wire," Iron and Steel Inst, 1906, No. 2, p. 142. 

® ‘‘ Some Aspects of Wire Drawing," Iron and Steel Inst, 1912, No. 2, p. 188. 

« “ Sur la Maladie de recrouissage," Heme de Metallurgie, 1910, vol. vii., jk 655. 

“ Notes do Metallographie," Remie de Metallurgie, vol. viii., 1911, p. 367. 

« “Growtli of Ferrite Below its Thermal Critical Point," PrtK, of the Intt^rnational 
Association of Testing Materials^ Sixth Congress, 1912, vol ii. 

Researches sur le dovoloppcmont des grains des metaux par roeuit a pres ('-crouis- 
sage," liemie de Metallurgie, vol. x., 1913, p. 752. 

“ The Reorystallisation of Deformed Iron," Iron and Sled Inst,, 1914, vol i., 

p. 460. 
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ol mechanical deformation. Thus, on annealinii a specimen which has been 
locally deformed in carrying out the Hrinell ball hardne.s8 tost excessive 
crystallisation takes place only in certain parts of the dcforninl area. Ab¬ 
normal crystal growth does not occur if the deformation be above or below 
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a certain degree; in other words, there is a maximum and minimuni limit 
of straining which will give this peculiar crystallisation. This fact is very 
clearly illustrated in fig. 131, which represents the structure of test bars 
of wrought iron that have been tested to destruction and then heated to 
870° C. At both ends it will be observed that the crystals are normal in 
size, but the material in the middle has developed exceedingly lai^e crystals. 
This phenomenal change in the size of crystals takes place on heating the 
specimen for only ten minutes at 870° C. 

Chappell has also examined the effect of straining very pure iron whilst 
it is at varying temperatures, and has found that abnormally large crystals 
are always produced providing the temperature at which the material is 
deformed is not above 900° C. This is an important practical fact, and may 
serve to explain why it is that the so-called ingot iron can only bo rolled, 
etc., at high temperatures—viz., above the Ar 3 critical point or 900° C. 
The forging of ingot iron at a red heat, but below 900° C., is always 
accompanied by a disintegration of the metal very similar to that which 
accompanies the rolling of over-oxidised steel, but no dilFKudty is experienced 
if the rolling or forging be conducted at temperatures above 900° C. This 
may be due to the formation of the large crystals whicii a(,•companies defor¬ 
mation at temperatures below 900° C. When carbon is present, as in mild 
steels, this phenomenal crystal growth is prevented by the presence of the 
second constituent— i.e., the solid solution of carbide of iron in iron, which 
isolates the various ferrite crystals from one another. 

Chappell offers two feasible explanations of the role of plastic deformation 
in promoting the union of ferrite crystals. 

(а) If the view be adopted that identity of orientation is the only con¬ 
dition necessary for union of adjacent crystals, then plastic deformation 
may be considered to act by increasing the potential energy of the crystals, 
and thus enabling them to bring about this rotation of tiieir axes parallel 
to each other with greater ease and rapidity on rise of temperature. 

(б) The union of ferrite crystals may be considered analogous to the 
welding together of two pieces of iron, in which work is necessary to break 
up any separating layer of oxide or flux, and thus establish molecular contact 
between the two metallic surfaces. Such a view would be compatible with 
the idea of a cement between the crystals acting as a separating layer, the 
penetration of which might be regarded as being a function of the plastic 
deformation, after which penetration the two crystals in contact on reaching 
a sufficient temperature weld directly together, and not by a process of 
gradual transference. 

Each of these theories may be used to explain the rapid growth of deformed 
ferrite crystals, but neither seems to take into account the absence of material 
growth when tne deformation has been carried beyond a certain limit. This 
part of a deformed bar, seen in the upper section of fig. 131, seems to be more 
readily explained on the assumption that the material has almost com¬ 
pletely lost its crystalline character, and that any subsequent annealing 
merely permits the amorphous material to recrystallise. 
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CHAPTEE XIL 

THE PROPERTIES OF COLD-DRAWN WIRE AND THE 
EFFECT OF ACID CLEANING. 

PoR the many interesting technical details connected with the manufacture 
of iron and steel wire, reference should be made to the excellent papers 
dealing with this subject by J. P. Bedson,^ J. I). Brunton,^ and Percy Long- 
muir.^ 

All that is necessary here is to give a brief Bummary of the processes, 
which will enable readers more readily to appreciate some of the characteristic 
features and properties of the materials under discuHsion. 

The iron or steel billets destinetl for the purpose are first replied down 
whilst hot to wire rod of a size suitable for the subset|uent drawing operations. 
In some works this wire rod is annealed at a red heat, above the higliest 
recalescence point, in order to remove the Htrewses that- have l>een set up* 
during the hot rolling process. P. Longmuir says that, if the rod as hot- 
rolled be not in a state of equilibrium as regards strcHHcH. (’old work intcmsilies, 
and to some extent fixes,” its conditioii, and any later heat treatment 
does not necessarily remove this fixed habit.” There is no doubt that 
this fixed habit is caused by overworking the matt‘rial. whi{*h develop 
inside the drawn wire a, continuous series of actual or incipient flaws or 
fractures, such as are shown in fig. 132. It is obvious tbat when internal 



Fig. VM, 


defects of this kind are once produced they cannot be removed by annealing: 
or anything short of remelting. Before passing the hot-rolled rod through 
the draw-bench dies, it is, therefore, necessary to see that the metal is in 
such a condition as to render it capable of withstanding the severe deforma¬ 
tion of wire-drawing. 

Thus, if it already retains appreciable strains as a result of the later 
stages of hot rolling, it is capable of withstanding proportionately less cold- 


tyj i^T Wire, and the Development of its Manufa< 5 ture/* Jmirn, Iron and 

Steel Inst., 1893, No. 2, p. 77. 

1 and Wire Drawing," Joum. of West of Scotland Iron and Steel lnsL,\m; 

2 uo Treatnient of Wire," of Iron and Steel Inst., 1906, No. 2, p. 142. 
borne Aspects of Wire Drawing," Joum. of Iron and Steel InsL. 1912, No 2, p. 188. 
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drawing before becoming permanently injured. Before cold-drawing the 
rod, the surface oxide is removed by immersing in a tank of dilute hy 
chloric or sulphuric acid. It is then well washed with water completel 
remove the acid,,and coated with a mixture of lime and water, which is aUc 
to dry on the surface. One end of the wire is then pointed, so that suj66L< 
can be pushed through the die and firmly held by the grips. Inequal 
in the section of the rod are very deleterious, because they cause irregulai 
in the cold flow of the material during drawing. 

The percentage of carbon contained in steel has a marked efiect upor 
amount of cold work it is capable of supporting without breaking. Th 
clearly illustrated in Table X. 


TABLE X. 


Original Cross 
Section. 

Carbon. 

Reduction of Area 
of Material drawn 
to Breaking Point. 

Mm2. 

Per cent. 

Per cent. 

21-2 

0-1 

96-5 

22*6 

0-6 

86-6 

22-06 

0-8 

67-6 


The progressive change in the mechanical properties of the various 1 
of steel, at difierent stages of wire-drawing, has been carefully invest!^ 
by P. Goerens/ and the figures given in Tables XI. to XVI. have been t 
from his paper, which contains so much valuable information that 
impossible to refer here to more than a few of the more important de 
No one interested in this subject should fail to make a careful study o 
original paper. 


TABLE XI. —Wrought Iron, 0*11 per cent. Carbon. 


■ 

Mechanical Treatment. 

Reduction of 
Area in 
Drawing. 

Tensile 

Strength. 

Elongation. 

Contract 


Per cent. 

Kg. per mm. 2 

Per cent. 

Per ce 

Hot-rolled (untreated), 

.. 

41-5 

26-1 

44-'3 

Subjected to 1 drawing, 

10-8 

48-4 

10-7 

39-2 

„ 2 drawings, . 

25-4 

66-7 

6-0 

32-1 

3 „ . 

39-8 

63-5 

3-5 

17-£ 

« 4: „ . 

43-6 

(63*5) 

0-5 

8-2 

>» S »» • 

1 

48*3 

(63-0) 

1-6 

10-2 


^ “ On the Influence of Cold Working and Annealing on the Properties of Iro 
Steel," Journ. oj Iron and Steel In$t., 1911, No. Ill, p. 320. 







L30 


THE PHYSICO-CHEMICAL PBOPEKTIES OP STEEL, 


TABLE XII—Electric Steel, 0-12 i*eb cent. Carbon. 


Mechanical Treatment. 

lladnction of 
Area in 
Drawing. 

' 

'IVniile 

Htrength. 

Elongation. 


Fci cent. 

Kg. j>er 

Per eeiiL 

Hot-roUed (untroatod), 

9*1 

41-3 

32-7 

Subjected to 1 drawing, . 

52-9 

’ 1545 i 

„ 2 drawings, . 

„ 3 

14-2 

50-7 

5 i3’7 j 

2245 

004) 

i 10-2 j 

„ 4 „ . 

2B-3 

05 0 

! 0-7 1 

„ 5 „ . 

44*3 

77-2 

i 04) 

„ G „ . 

70-4 

84-5 

! 0*0 

' 


oiitraction. 


IVr ci'ut. 
70*0 
66-3 
B5-8 

r>2*B 

42*2 

3cl-0 


TABLE XIll.— Eleotuk’ Steel, 0-27 ber cent. Cahuon. 






"n 

Mechanical Treatment. 

Reduction of 
Area in 
Drawing. 

TeUHlle 

BtrengUn 

Elongiititin. 

Dun traction 


Per cent. 

Kg. per limn,® 

Per cent. 

I*er cent. 

Hot-rolled (untreated). 

.. 

48-7 

29*9 

m-a 

Subjected to 1 drawing, 

9-1 

02 8 

13-2 

49-1 

„ 2 drawings, , 

15*4 

158-0 

9-3 1 

! 43*3 

„ 3 

2245 

73-0 

4-5 

1 39-2 

„ 4 „ . 

28*3 

74-0 

4-5 

I 3a5-4 

» 5 „ 

44-3 

80-4 

2-9 

! 25-2 

„ 0 „ . 

70*4 

90-0 

3-0 

22-7 

„ 7 . 

broke 
!_ 

(85*0) 

1 

(0-5) 

.. 


TABLE XIV. —Open Hearth Steel, ()-.5rj per cent. Carbon. 


Mechanical Treatment. 

Reduction of 
Area in 
Drawing. 

Teuille 

Htrength. 

Kiongatlon. 

Contraction. 


Per cent. 

Kg. per mni.® 

Per cent. 

Per cent. 

Hot-rolled (untreated), 


(55-5 

23-3 

38-0 

Subjected to 1 drawing, . 

34-0 

98*5 

0*8 

19-4 

„ 2 drawings, . 

55-0 

111-3 

5-9 

15*3 

» 3 . 

62-6 

119-5 

6-5 1 

14-0 

» 4 „ . 

78-6 

133-4 

6-0 1 

14*1 

» 5 „ . 

86-5 

142-2 

6-3 

13*4 
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TABLE XV. Open Hearth Steel, 0’78 i»ER ob^nt. Carbon. 


Mechanical Ti’eatment. 


Hot-rolled (untreated), 
Subjected to 1 drawing, 

f> 2 drawings, 

u 3 „ 

»» 4 

5 


Reduction ol 
Area in 
drawing. 

Xensilo 

Strengt)}. 

Per cent. 

Kg. per mm,'-' 

.. 

81-2 

25-4 

101*4 

36-7 

109*0 

47-5 

121*0 

58-5 

126*2 

67*5 

128*0 


Elongation. 


Far cant. 
19-2 
7-G 
G-9 

5- 9 
0*2 

6 - 0 


Contractiiui. 


Far rant. 
30*0 
24*2 

19- 8 

20 - 2 
17-5 
15-5 


TABLE XVI. Elbictrio Steel, -98 per cent. Carbon. 


Mechanical Treatment 


Hot-rolled (untreated). 
Subjected to 1 drawing, 

„ 2 drawings, 

»> 3 ,, 

M 4 

M 6 


Reduction of 

Teijiile 

Strength. 

1 . 

1 

Area in 
Drawing. 

Elongation. 

l*cr cent. 

1 Kg. per mmJ 

Fer cent. 

i 

1 103*0 

6*7 

: 118*0 

0*9 

14*2 ' 

12i*0 

0*6 

22*6 

126*5 

0*7 

28*3 

32*8 

131*0 

(127*0) 

0*3 

.1 

-.. 



Contraction. 


Far cent. 

7-B 

3-0 

2*8 

3*4 

2-5 
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in regard to the effect of annealing temperatures upon the hardness of 
cold-drawn steel, Goerens concludes that after a short period of heating 
to 520"’ C. the effects of the cold-working of mild steel are almost completely 
removed. Several hours’ heating at temperature between and 500‘' 0. 
only removes to a slight extent the 'uardness produced by cold-working. 
Thie facts are very clearly manifested in the flexibility teats which he 
conducted (fig. 134). This test consisted in determining how frequently 
a piece of the wire could be bent backwards and forwards through an angle 
of ISC', each bend of the wire from the vertical position to ffU ’ and back 
again coirnting as one bend. 



Galvanising or Coating with a Thin Film of 2inc. 

Cold-drawn wire or cold-roiled sheets are frequently galvanised or covered 
with a thin coating of zinc for certain purposes where the materials are 
exposed to atmospheric conditions. After cold-drawing or rolling the iron 
or steel-is first annealed, and then cleaned or “ pickled ” by dipping in dilute 
acid to remove all dirt and surface oxide. This cleansing operation is abso¬ 
lutely necessary, and must be carefully carried out in order to obtain an 
adherent coating of zinc. After cleaning the wire or sheet, it is passed 
through a bath of molten zinc, and readily takes up a coating of that metal 
and emerges at the opposite end through a bed of sand, which regulates the 
thickness of the zinc covering. In the early days of the galvanising industry 
the cleaning and zincing were done in two distinct stages. It was found, 
however, that the wire often became exceedingly brittle as a result of the 
action of the weak acid, which was left on the surface of the material, between 
the two operations. The continuous process is now in general use, and the 
wire passes directly from the acid bath into the molten zinc. In this way 
the wire or sheet is in contact with the acid only for a very brief period, 
and the. embrittling from that cause is entirely eliminated. It has been 
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pointed out by Mr. Bedson that the embrittling of iron and steel on cont 
with acid is really due to the metal absorbing a quantity of the nasc 
hydrogen which is generated in the pickling process. He also states t 
the injurious effects of the hydrogen could readily be removed by heat 
the metal to a temperature below that of the melting point of zinc—\ 
419'^ C. It is not known whether this heating actually removes the hydroj 
or not, but there are good reasons for considering that it merely cause 
redistribution of that element which neutrallises its effects. 

The data given in Table XVII. are taken from a paper by Percy Lo 
muir/ because they indicate very clearly the effects of different acids, e 
and also the temperatures at which the properties of the material are restoi 
Unless otherwise stated, the time the steel was in contact with the a 
was just sufficient to remove the layer of oxide. 


TABLE XVII.— The Effect of Acid Cleaning on Steel, as jud( 
BY THE Arnold Alternating Stress Test. Rail Steel rol 
TO |-iNCH Round. 


Treatment. 


Altornatiiig Stresi 
Test Reversals. 


Cleaned by sand blast, ........ 

„ in pure sulphuric acid, 1*5 per cent, water, 

„ „ hydrochloric acid, 2*5 per cent, water, 

,, „ acetic acid, ....... 

„ ,, commercial spirit, ..... 

„ „ „ and blued, 

„ „ „ „ and heated to 800° C., . 

„ „ „ salts, and heated to 800° C., 

,, ft ,, tp and blued, ... 

„ „ „ „ twice normal time, 

„ „ „ „ twice normal time and blued, 

„ „ „ thrice normal time, 

„ ,, ,, ,, ,, ,, and blued, 


200 

58 
47 

59 
101 
200 
225 
102 
100 

SO 

140 

53 

100 


The term “ blued ” means that the specimens were heated in a stovi 
a temperature of from 100° to 150° C. for a period of 12 hours. Knov 
that the relatively rapid generation of hydrogen upon the surface of s 
during the pickling process will cause such remarkable brittleness, it was 
very surprising that P. Longmuir suggested that the hydrogen whic] 
produced in the ordinary atmospheric corrosion of steel may have a sin 
effect. He pointed out that the rust which is formed upon bhe surfac 
steel exposed to the atmosphere always contains much more sulphur t 
could possibly have come from the metal itself. This seems to indii 
that in such cases the corrosion is largely due to the presence of oxide 
sulphur in the air becoming concentrated in the moisture which is depos 
on the metallic surface. In other words, it is acid corrosion which will 3 
rise to the liberation of free hydrogen. This idea must be seriously conside 
because it may supply an explanation of many disconcerting failures of s- 
Among several instances which have come before the author of the q 
deterioration in the properties of wire rope, one in particular is most ir 
esting and significant, when viewed in the light of the above suggest 
The rope in question was a “ spare,” which had been kept in stock for al 

1 “ Corrosion of Metals,*' Iron and /Steel Inst.p No. 1, 1911, p. 163. 
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a, year; it had been carefully wrapped up in ciotli, but in a few places the 
•covering had been disturbed and the steel exposed to the atmosphere. 
Although only slight rusting had occurred on the exposed parts, in all those 
places the material had become so brittle that the strands of wire were broken 
by simply uncoiling the rope. 

Action of Caustic Soda. 

In a paper on the “ Ageing of Mild Steel,” Mr. Stromeyer ^ drew attention 
to an instance where the steel of a boiler in which (caustic soda had been 
concentrated had developed pronounced signs of deterioration. lie referred 
to an earlier instance, when it had seemed unreasonable to suppose that 
a caustic liquor should in any way allect steel” His atteution had, liowever, 
been forcibly drawn to the matter, and it appeared that “ if the c,oiu‘entration 
•of the soda liquor is allowed to proceed beyontl Twaddle, not only 
does the mild steel become brittle in quality, but tubes and platcw crack 
and rivet heads fly ofl. Kivet heads even ily oil in steel tanks in which 
cold caustic soda of over lOO'^ Twaddle is stored. Hot caustic soda corrodes 
mild steel, a rod which was recently exposed to this influence being reduced 
in diameter at the rate of inch in fourteen days’ exposure. It lias been 
suggested that air which in this case at least had access to the li(|Uor part»8 
with some of its oxygen to the iron, and that an iron salt of soda, ])erhaps 
ferrate of soda, is formed, which is soluble in solutions of soda and water, 
but not in molten caustic soda; but until the matter has been cleared up, 
one should not reject the possibility that, in the presence of caustic soda 
and iron, water splits up the oxygon forming ferric oxide or acid, which 
combiucj with the caustic soda, whilst the hydrogen is occluded by the 
iron metal. This would account for the extraonlinary brittleness which 
is imparted to mild steel vessels in which caustic soda iit|Uor is being con¬ 
centrated, more particularly as this brittleness makes its appearance, chiefly 
if not exclusively, in closed vessels in which air is not admitted and where 
corrosion, if at all active, is very slight.” 

Mr. J. H. Andrew ^ has made a noteworthy contribution to our knowledge 
of this subject. He explains the corrosion of iron by caustic soda on the 
assumption that there are two phases present in the metallic mass—viz., 
the crystalline and the amorphous cement or envelopes surrounding the 
various crystals. The amorphous phase, which is really the supercooled 
liquid, will absorb much greater quantities of ii}'drogen than tlic crystalline 
variety. Hence, when the iron is in contact with the caustic soda solution 
the atomic hydrogen which is liberated is absorbed by the amorphous layers, 
and as the amount of hydrogen taken into solution increases, the amor})hous 
material becomes less and less stable. This instability naturally increases 
the tendency for that particular phase to crystallise, and this can only be 
effected by the actual growth of the pre-existing crystals. Iduis, as Andrew 
has shown, the hydrogen causes excessively large crystals to bo produced, 
which is accompanied by very pronounced brittleness. Even if it is found 
that no amorphous cement exists at the boundaries, it will only be necessary 
to slightly modify Andrew’s explanation, and consider that the hydrogen 
increases what Tammann calls the solution pressure at the crystal boundaries. 

^ Iron and Steel Inst., 1909, vol. i. 

* “ Embrittling of Iron by Caustic Soda,'' Faraday Society, vol. ix., part 3, 1914 
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CHAPTER Xin. 

CEMENTATION AND CASE-HARDENING. 

Eor many industrial purposes certain machine parts are required whioir 
have a very tough interior and an exceedingly hard working surfac.e. Suck 
parts are usually manufactured from very mild steel containing about ()• 12 per 
cent, of carbon, and after machining to the desired shape the s]>cciinens 
are subjected to the cementation process, whereby the carbon content of 
the outside shell is raised to about lh9 per cent. This outer surfac.ti is then 
hardened by ((uenching from a rod heat (about dO(j” 0.), a treatment wbicli 
does not sensibly aficci the mild steel core. 

The cementation or carburising process consists in surrounding the 
articles with some suitable carbonaceous material contained in a tightly 
fitting iron box, and heating to temperatures of about DCXJ"" 0. 

When it is desired to keep any particul;i.r surface or part of the steel 
soft, for subsequenn machining purposes, etc., that part is })rotectod from 
the carburising elements by a coating of some inert mat(U’i<il. Fir(^<•.lay 
is frequently used for this purpose, but it is very liable U> crac.k, in wlu{;h 
case it docs not afford perfect) protection. For very important work, Dr. 
Guillet recommends a coating of oloctro-depoHited copper, which can be 
removed after hardening. 

The actual time necessary to keep the steel at the carburising temperature 
largely depends upon (1) the thickness of the coating required, (2) the 
perature of cementation, and (3) the composition of the carburising tnaterial. 

The thickness of the casing is usually determined by the otigineer, and 
varies more or less with the particular article retjuired. 

As regards the carbonising temperature, it is well known that the rato 
at which iron absorbs carbon at temperatures below the Ac.^ point 4,e,, 
about 915° C.—is remarkably slow. Above that temperatunj carbon nntdily 
enters into solution with iron, and the rato at which this occurs increaseH 
as the temperature rises. Carbon is, of course, the esscutiul clement of all 
carburising mixtures, but there is no doubt that the presence of other com¬ 
pounds, and especially of nitrogen compounds, plays a very important role 
in this process. Indeed, this is so much the case that the j>urer forms of 
carbon, such as wood charcoal, or anthracitic coal, are seldom used for 
commercial case-hardening. Other substam^es which are mt)rc effective, 
although more expensive, are proferred. The of the composition of 

the carburising medium upon the rato of cementation will be readily seen 
from the figures in Table XVIII, which are taken from a paper by (i. 8haw- 
Scott.^ These figures were obtained by using .specimens 3 inches long and 
6*5 imn. square section, which were kept at a uniform ternperatum of 900° 0. 

^Journ. Iron and SUd Inst., 1907, No. 3. 
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TABLE XVni. 


Time of Heating. 

Leather. 

Wood Charcoal, 

Wood ('hurcoal 
and BHCO3. 

2 hours, 

1'15 mm. 

0-72 mm. 

1 *36 mm. 

4 „ ... 

l-r)8 „ 

1 -07 „ 

2-20 „ 

8 „ .... 

2-30 „ 

1-58 

2-80 , 

12 „ ... 

2'8() „ 

l-HO „ 

3-17 „ 

16 » ... 

right across 

the HjHH’imt'n. 

i 


From the above figures giving the depth of carbon penetration in niilli- 
metres, it is clear that pure wood charcoal is not nearly ho effectrive m leather 
and the mixture of wood charcoal and barium carbonate. The exact action 
of barium carbonate is not understood, but it has been suggested that it 
possesses some property whicli enablt^s it to absorb lutrogcm from tlu^ air, 
contained in the cementation box, with the formation ul an eflcctive cyanide 



Fig. 135.~His(h Carbon Steel, y 150. 

Ccmciitite ~ White. 

Poarlito == Dark. 


•of barium. Be that as it may, there can be no doubt that the presence of 
such nitrogen compounds as cyanides and ammonia bring about a very 
pronounced increase in the rate of cementation. 

For normal case-hardening, a “ caseof approximately the same ('om- 
position as the eutectoid steel—viz., 0*90 per cent, of carbon ^-shouId bo 
obtained. With higher carbon an excess of eementite exists around the 
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pearlitic areas (fig. 135). Tkese boundaries constitute a source of weakness, 
and can only be removed or broken up by quenching from higher tempera¬ 
tures in the final hardening operation. Quenching from higher temperatures 
increases the chances of producing quenching cracks, in the hardened surface, 
and these are very injurious. The actual hardening operation consists in 
quenching the cemented specimens, from temperatures of about 800^ C., 
either in water or in oil. If the initial steel contain only about ()vl2 per cent, 
of carbon, this quenching has practically no effect upon the jnechanical 
properties of the interior of the case-hardened specimens. 

When rather large objects have to be treated, and a comparatively tliick 
casing produced, the time it is necessary to keep the mass at the carburising 
temperature is sufficient to bring about a material coarsening of the crystalline 
structure, which means a deterioration in the mechanical properties of the 
steel. If the best possible results be aimed at, this coarse structure should 
be removed before hardening. A detailed account of the recommendatioiiB 
made by the Society of American Testing Association for the heat-treatment 
of case-hardened carbon steel objects is given below. 

(1) When hardness of casing only is desired, lack of toughness or brittle¬ 
ness being unimportant, the carburised objects may be quenched by emptying 
the contents of the boxes into cold water or oil. Both the core and the case 
are then coarsely crystalline. 

(2) In order to reduce the hardening stresses, and to decrease the danger 
of distortion and cracking in the quenching bath, the objects may be removed 
from the box and allowed to cool, before quenching, to a temperature sliglitly 
exceeding the critical range of the case-"-namely, 800'^ to 825" C. lh)th the 
core and the case remain coarsely crystalline. 

(3) To refine the case and increase its toughness, the carburised olqects 
should be allowed to cool slowly to below 700® C., and should then be reheated 
to a temperature slightly exceeding the Ac^ change (775® to 825® C. is suit¬ 
able), and quenched in water or, for greater toughness and less hardness, in 
oil. The objects should be removed from the quenching bath before their 
temperature has fallen below 100® C. This treatment refines the case, but 
not the core. 

(4) To refine both the core and the case and increase their toughness, 
the objects should be allowed to cool slowly below 700® C., and should then 
be— 

(a) Reheated to a temperature exceeding the critical points of the 

core, which will generally be from 900® to 950® C., followed l)y 
quenching in water or oil; and 

(b) Before they have cooled below 100® C., they should be reheated 

to a temperature slightly exceeding the lower critical point of 
the case, say, to a temperature of 775® to 825® C., and again 
quenched in water or oil. 

(5) In order to reduce the hardening stresses created by quenching, the 
objects, as a final treatment, may be tempered by reheating them to a tem¬ 
perature not exceeding 200® C. 

The quenching operation frequently produced distortion of the case- 
hardened objects, and it is, therefore, necessary to readjust or straighten 
them. This trouble, which is inevitable with carbon steels, can be eliminated 
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by using nickel steel. Dr. Guillet bus pointed out (see Chapter XV.) that, 
by using a steel containing 0*12 per cent, of carbon and 7*0 per cent, of 
nickel, case-hardening can be ejected simply by raising the carbon of the 
outside surface to 0*9 per cent., followed by slow {‘ooling. The combined 
action of 0*9 per cent, of carbon and 7*0 per cent, of nickel is sullicient to keep 
the steel in the martensitic or hard condition, whilst, with only 0*12 per cent, 
of carbon in the core, that part is in the soft state. 
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CHAPTEK XIV. 

METHODS OF TESTING HARDNESS. 

The property or combination of properties which are generally associated 
with the term hardness ” are extremely interesting, and very important 
both from a purely metallurgical standpoint, and from the practical engineer’s 
point of view. It is, therefore, not surprising that large numbers of papers 
dealing with the many scientific and practical aspects of this subject have 
been published. But even now we cannot claim to have a really clear con¬ 
ception of the manner in which the various factors, which are believed to 
govern this particular property, react one upon the other, and determine 
the degree of hardness possessed by different metals and alloys. This some¬ 
what unsatisfactory state of affairs is rendered much less easy to grapple 
with when it is remembered that there are at least four types of hardness 
which are usually regarded as being quite distinct from one another. These 
are:— (a) elastic hardness, (b) indentation hardness, (c) wearing hardness, 
and (d) machining hardness. Considering that the general term “ hardness 
is frequently used without any qualification for each of the above qualities, 
it is quite natural to expect that confusion will arise as to its meaning. 

With regard to elastic hardness and resistance to indentation there are 
two methods which ^wre universally used for estimating these two properties. 
These are the Brinell method and the Shore scleroscopic method. The former 
is a static test, in which the hardness of the metal is taken as the measure 
of its resistance to penetration by a hardened steel ball under a steadily 
applied load. In the latter the hardness is indicated by the. height of rebound 
of a small hammer, which is allowed to drop from a fixed height, after pro¬ 
ducing a permanent, though small, indentation in the surface of the specimen 
under test. 

P 

Brinell Test. —The Brinell number is-g- = H. Where P = the load 

in kilogrammes and S = the superficial area of the concave surface of the 
indent in mm^. As Brinell found in his early experiments the number 
obtained in this way is influenced by the diameter of the ball used and also 
by the pressure under which it is forced into the surface of the specimen. 
The effect is (1) for the Brinell number to increase as the size of ball decreases, 
and (2) to increase as the pressure which is used is raised. 

Benedicks (1), who has examined BrinelFs method in some detail, has 
considered the indentations produced from three different aspects. 

P 

1st. that is, the total pressure divided by the circular area of the 

-“T 

indent. This would appear to be the simplest expression and is that 
which was suggested by Auerbach (2). 


10 
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2 jxA. -g-, S being the spherical area of the surface of contact, which is 
Brinell’s number; and 

3rd. By examining the values of (1) and (2) after multiplying them by 
a function of the radius of the ball. 

The following data in Tables XIX. and XX. are taken from Benedicks’ 
thesis. In Table XIX. are given the values for lead with a 6 mm. ball 
under loads varying from 2-0 to 25 kilos. It will be observed that under 

P P —. 

these conditions neither "-gg , nor are constant, thus indicating 

that the hardness number increases with the increase in the applied pressure. 
Load* —With a 6 mm. ball under varying load. 


TABLE XIX. 


p 

P 

d 

? 

”‘ 4 ” 

i/F 

4 

3 

2-0 

0*86 

34 

4*3 

3 

40 

1*08 

4-4 

6'4r> 

3 

60 

133 

4'3 

f>’4 

3 

90 

1*68 

4-6 

5*7 

3 

12*0 

L78 

4'B 

60 

3 

150 

1'98 

4-9 

61 

3 

200 

2-25 

6-0 

6-3 

3 

260 

2-45 

6-3 

6*6 


The effect of varying the size of the ball when the pressure is kept constant 

P 

is shown in Table XX., from which it will be seen that decreases as the 

_ 

size of the ball increases. It will also be noted from the figures given in 
column 5 that a constant is obtained when the values in column 4 are 
multiplied by the fifth root of the radius of the ball. 

TABLE XX. 


e 

P 

d 

P 

P n /“ 




4 

4 “ 

1*66 

21*0 Kilos . 

2T7 

6-7 

6*2 

2-97 

21-0 

2-25 

5*3 

6*6 

3*94 

21*0 

2-42 

• 4-6 

6*0 

4-96 

21-0 

2-42 

4*6 

6*3 

1-56 

31*0 

2'61 

5*8 

6*3 

2*97 

31-0 

2-72 

6*3 

6*6 

3'94 

3ro 1 

2*91 

4-7 

6*1 

4-96 

31-0 1 

2*94 

4*6 

6*3 
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The useful application of Benedicks’ correction by multiplying H by 
^/p , is very clearly demonstrated by the figures given in Tables XXL and 
XXII. In the first set of data, Table XXL, the values are for a steel con¬ 
taining 1*40 per cent, of carbon examined under a load of 500 kilos. 

It will be seen that-^^, and also the ordinary Brinell figures, g, show 


quite a substantial decrease as the sixe of the ball increases, but when both 
these series of figures are multiplied by ^pj the results are practically constant 
and almost the same in each series. 

The results in Table XXIL are for three steels containing respectively 
0*10, 0*45, and 1*25 per cent, of carbon tested under a pressure of 2,OCX) 
kilos. In this instance it will be clearly seen that whilst BrineH’s number, 

P F -.. . 

materially decreases as the ball increases, the product,-^ is practically 
b C) 

constant. With these higher pressures, however, it will be observed that 
the product of the circular area and ijj is certainly not constant. 

Hence, as Benedicks points out, Brinell was happily inspired in choosing 

P 

^ as the hardness number, 
b 


TABLE XXL— 1*40 per ('ent. Carbon Steel. (Load, 500 Kilos). 


p 

d 


P 

-iL /T" 

p 





4 

4 

1'60 

1*61 

1-40 
1-4,1 i 

1*405 

323 

354 

30t$ 

336 1 

2-49 

2-49 

1-48 
1-4:6 j 

1-470 ■ 

295 

354 

288 

346 i 

2-99 

2-99 

1-4951 
1-616 J 

[ 1-505 

281 

’ 350 

277 

344 

3’97 

3-97 

1-650 1 
1-649 \ 

1-550 

265 

349 

2(53 

346 

500 

5-00 1 

1-6761 

1-686 j 

- 1-580 

255 

352 

253 

350 1 

6-37 ! 

6-37 

1-6251 
1-630 j 

■ 1-627 

240*5 

348 

239 

346 ; 

i 


Influence of Pressure.—It is clearlv indicated by Brinell in his early 

P ' 

publication that his hardness figure g increases with the pressure, and this 

has been repeatedly verified by subsequent workers. The variations thus 
obtained is quite marked when the indentations that are produced are small, 
but they are not at all serious, and, in fact, may be regarded as negligible 
when the deformation corresponds with an indent of above, say, 3*5 milli- 

P 

metres. A curve which is typical for all metals when g is plotted against 
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TABLE XXIL-Load, 2,000 Kilos. 


Percentage 


d 

P 

«• (I" 




Carbon. 



4™” 

_ 


s ^ 

O’10 

2-50 


133 

100 

115 

138 

OTO 

3*75 

4-60 

120 

157 

107 

139 

OTO 

5-00 

4-90 

10(i 

140 

99 

137 

010 

7-50 

5-10 

98 

140 

95 

142 

...... 

045 

2-50 


245 

294 

220 

204 

0-45 

2-75 

3-40 

220 

287 

20H 

271 

0-45 

500 

3-50 

208 

287 

201 

! 270 

0-45 

7-50 

3-75 

181 

271 

17H 

200 

1-25 

2-50 


309 

443 ! 

1 345 

! 

1 414 

1-25 

3-75 

2’8() 

325 

423 

! 315 

410 

1-25 

5-00 

2-85 

314 

433 

1 300 

422 

125 

7-50 

3 05 

274 

410 

272 

1 

407 


P is shown in Fig. 136. It will be readily understood tluit the load above 
P 

which = constant varies from metal to metal being great(‘r as the hard- 
o 

ness of the metal increases. Many investigators are of the oj>inion that 
P 

the change of ^ with the load is due to the increase in tlu^ hardness of the 



metal produced by plastic deformation. This does not seem to be the correct 
explanation, (1) because it applies to lead, which does not appear to be 
hardened by cold work, and (2) the effect is much more pronounced in the 
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case of completely hardened steel than any other metal or alloy, and since 
such a metal is incapable of undergoing plastic deformation it follows that 
its hardness cannot be increased in that way. The observed discrepancies 
are most likely due to the change in the geometric shape of the indent, which 
is, of course, more serious for small than for large indents. Whatever may 
be the real cause there is no disputing the fact that there is a certain minimum 
load which increases with the hardness of the metal tested, below which the 
values are low and above which they are virtually constant. In this con¬ 
nection the figures given in Table XXIII. are rather significant, for they 
broadly indicate the minimum load which should be used in order to obtain 
a satisfactory Brinell figure. For very hard materials, such as hardened 
steels, the pressure should be something of the order of 5,000 kilos. With 
such hard metals it is necessary to point out that the results are influenced 
by an unavoidable distortion of the ball itself. Hitherto it has not been possible 
to make a satisfactory correction for the change in shape of the ball, but an 
extremely useful investigation in this direction has been made and recently 
published by Shore.^ 


TABLE XXIII. 


Bescription of Sample. 


Aluminium,. 

Copper,. 

Duralumin,. 

Mild Steel,. 

Nickel-Chromium Steel, Air Hardened, - 
Annealed High-Speed Tool Steel, - 
Valve Steel, - - - • . - 

Medium Carbon Steel, - . - . 

Nickel-Chromium Steel, Oil Hardened, - 
Hardened High-Speed Tool Steel, - 


Brinell Hardness Numbers. 


Load in Kg. 


500 

1,000 

1,500 

2,000 

2,500 

O ; 

O 

o 

19 

20 

17 




79 

83 

82 

81 

80 

80 

108 

125 

121 

125 

124 

126 

109 

121 

127 

128 

130 

121 

175 

200 

207 

214 

224 

221 

157 

198 

207 

214 

211 

217 

194 

218 

231 

242 

244 

248 

219 

238 

259 

257 

259 

268 

264 

350 

390 

418 

427 

444 

■—• 

— 

472 

570 

548 

600 


Ludwik Test.—Turning to the question of the cliange in the geometric 
shape of the Brinell indents, it is interesting to note that Ludwik^ overcomes 
this defect by using a right-angled cone instead of a ball. When such a cone 
is used the radius and depth of the indentations are always equal, and there 
is no change in the geometric form of the indents. Theoretically it might 
be claimed that this method of testing hardness is better than the Brinell 
ball test, but there is the insuperable practical difficulty of preserving the 
shape of the cone when testing hard metals. Since it is for the higher ranges 
of hardness where improvements in the methods of testing are more urgently 
required, the Ludwik test is not likely to come into general use. 

1 Iron and Steel Institute, vol. II., 1918. 

* Baumateriallenhunde xii., jalir(jang, 1907, p. 147. 
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TABLE XXIV, 


Diamotor of Impression with 10 mm. ball, Area of Impression, and Maximum 
Pressure in Kilogrammes per Square Millimetre. 


Bia. 

Area. 

6000 

$000 

KKM) 

500 

200 

"a 

A 

A 

A 

A 

1*50 

1-8095 

2770 

1660 

551 

277 

111 

1*55 

1‘8975 

2640 

1582 

528 

264 

105 

1-60 

20232 

2480 

1487 

495 

248 

99-0 

1-65 

2-1866 

2290 

1373 

458 

229 

91-5 

1-70 

2-2871 

2180 

1310 

437 

218 

B7-5 

1-75 

2-4378 

2055 

1236 

411 

206 

82-0 

1-80 

2-5761 

1940 

1164 

388 

194 

77-5 

1-85 

2-7112 

1848 

1108 

368 

185 

73-8 

1*90 

2-8620 

1750 

1048 

350 

175 

69-9 

1.93 

3-0159 

1660 

995 

332 

166 

62-2 

2*00 

3-1762 

1577 

946 

316 

158 

61-0 

205 

3-3427 

1498 

898 

298 

150 

59-8 

210 

3-5029 

1430 

867 

286 

143 

57-0 

215 

3-6757 

1361 

817 

273 

136 

54-0 

2*20 

3-8485 

1304 

782 

261 

130 

52-0 

2-25 

4-0275 

1242 

744 

248 

124 

500 

2-30 

4-2097 

1189 

713 

238 

119 

48-0 

2-35 

4-3982 

1139 

683 

227 

114 

46-0 

2-40 

4-5930 

1090 

652 

218 

109 

44-0 

2-45 

4-7885 

1045 

627 

209 

105 

42-0 

2-50 

4-9889 

1000 

600 

200 

100 

400 

2*55 

5-1931 

0(>3 

578 

193 

96 

39-0 

2-60 

5-4036 

925 

555 

185 

93 

37-0 

2-65 

5-6188 

889 

532 

178 

89 

36-0 

270 

5-8340 

855 

512 

171 

86 

34-0 

2-76 

6-0586 

827 

495 

166 

83 

33-0 

2-80 

6-2832 

798 

477 

159 

80 

320 

2-85 

6.5172 

767 

460 

153 

77 

31-0 

2-90 

6-7513 

741 

444 

148 

74 

30-0 

’’2 95 

6-9696 

718 

430 

144 

73 

29-0 

300 

7-1880 

696 

418 

140 

70 

28-0 

305 

7-4629 

670 

402 

134 

67 

27-0 

310 

7-7378 

645 

387 

129 

65 

26-0 

315 

8-0001 

625 

375 

125 

63 

25-0 

3-20 

8-2624 

606 

364 

121 

61 

24-0 

3-25 

8-5310 

587 

351 

117 

59 

23-5 

3-30 

8-7996 

569 

340 

114 

57 

23 0 

3-35 

9-0792 

551 

332 

111 

55 

22-0 

3-40 

9-3588 

535 

321 

107 

54 

21*4 

3-45 

9-6478 

518 

311 

104 

52 

20-7 

3-50 

9*9369 

502 

302 

101 

50 

20-2 

3'55 

10-2353 

488 

293 

98 

49 

19-6 

3*60 

10-5338 

476 

286 

95 

48 

19-0 

3-65 

10-8416 

462 

277 

92 


18-5 

3-70 

11-1495 

448 

269 

90 

45 

18-0 

3-75 

11-4495 

436 

262 

88 

44 

17-5 

3-80 

11-7496 

425 

255 

85 

43 

17-0 
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TABLE XKIY.—Continued. 


Dia. 

Area. 

5000 

3000 

JOOO 

600 

200 



A 

A 

A 

A 

A 

3-85 

12*0051 

414 

248 

83 

41 

10-6 

3’90 

12-4407 

402 

241 

81 

40 

16*0 

3-95 

12*7785 

392 

235 

78 

39 

15*6 

400 

13*1162 

382 

228 

76 

38 

15*2 

405 

13*4712 

372 

223 

75 

37 

14*9 

4-10 

13*8262 

362 

217 

73 

36 

14*5 

4* 15 

14*1749 

353 

212 

71 

35 

14*'l 

4-20 

14*5236 

345 

207 

69 

34*5 

13*8 

4-25 

14*8943 

336 

202 

67 

33*6 

13*4 

4 30 

l5-2()50 

326 

196 

65 

32*6 

131 

4-35 

15*6451 

319 

192 

64 

32*0 

12*8 

4-40 

16*0253 

312 

187 

63 

31*2 

12*5 

4-45 

16*4148 

304 

183 

61 

30*4 

12*2 

4-50 

16*8044 

297 

179 

60 

29*7 

12*0 

4-55 

17*2065 

291 

174 

58 

29*1 

11*6 

4-60 

17*6087 

284 

170 

57 

28-4 

11*4 

405 

18*0186 

278 

166 

56 

27*8 

11*1 

4-70 

18*4286 

272 

163 

54 

27*2 

10*9 

4-75 

18*8527 

265 

159 

53 

26*5 

10*6 

4-80 

19*2768 

259 

156 

52 

25-9 

10*4 

4-85 

19*7135 

254 

153 

51 

25*4 

10*1 

4-90 

20*1502 

249 

149 

50 

24*9 

9*9 

4*95 

20-6978 

244 

146 

49 

24*4 

9*7 

5*00 

21-0456 

238 

143 

48 

23*8 

9-5 

5*05 

21*5042 

233 

140 

46*5 

23*3 

9*3 

5*10 

21*9629 

228 

137 

45*5 

22*8 

9*1 

5*15 

22*4357 

223 

134 

44*5 

22*3 

8*9 

5*20 

22*9085 

218 

131 

44 

21*8 

8*7 

5*25 

23*3939 

215 

128 

43 

21*5 

8-6 

5*30 

23*8793 

210 

126 

42 

21*0 

8*4 

5*35 

24*3694 

206 

124 

41 

20*6 

8-2 

5*40 

24*8720 

201 

121 

40 

20*1 

8*0 

5*45 

25*3778 

197 

118 

39*5 

' 19*7 

7*9 

5*50 

25*8931 

193 

116 

39 

19*3 

■ 7-7 

5*55 

26*4114 

190 

114 

28 

19*0 

7-6 

5*60 

26*9392 

186 

112 

37 

18*6 

7-4 

5*65 

27*4733 

182 

109 

36*5 

18*2 

7-3 

4*70 

28*0168 

178 

107 

35*7 

17*8 

1 '^*1 

5*75 

28*5634 

175 

105 

35*0 

17*5 

' 7*0 

5*80 

29*1163 

172 

103 

34*4 

17*2 

6*9 

5*85 

29*6818 

169 

101 

33*8 

16*9 

6*75 

5*90 

30*2536 

166 

99 

33*0 

16*6 

6*6 

5.95 

30*8316 

162 

97 

32*5 

16*2 

6*5 

600 

31*4160 

159 

95 

32*0 

15*9 

6*4 

6*05 

32*0066 

156 

94 

31*0 

15*6 

6*25 

6*10 

32*6098 

153 

92 

30*6 

15*3 

6*15 

6*15 

33*2130 

151 

90 

30*0 

15*1 

6*0 

6*20 

33*8350 

148 

89 

29*6 

14*8 

5*9 

6*25 

34*4602 

145 

87 

29*0 

14*5 

5*8 

6*30 

35*0634 

143 

[ 86 

28*5 

14*3 

5*7 

6*35 

1 35*7325 

140 

1 84 

28*0 

14*0 

5*6 

6*40 

36*3828 

138 

82 

27*5 

13*8 

5*5 

1 
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TABLE XXIY.-^Continued. 


Dia. 

Area. 

5000 

3000 

1000 

500 

200 

A 

A 

A 

A 

A 

645 

370426 

135 

81 

27*0 

13-5 

5*4 

6-50 

37*7086 

133 

80 

26-5 

13-3 

5*3 

6-55 

38-3872 

131 

79 

26*0 

131 

5.2 

6-60 

39-0720 

128 

77 

25-5 

12*8 

5*1 

6*65 

39-7632 

126 

76 

25.2 

12*6 

5*0 

6*70 

40-4700 

124 

74 

24*7 

12*4 

4*95 

6-75 

41-1832 

122 

73 

24*4 1 

12*2 

4*87 

6-80 

41-9058 

119 

71-5 

23*8 

11*9 

4*8 

6-85 

42-6409 

117 

70 

23-5 

11*7 

4*7 

6*90 

43-3855 

115 

69 

23*0 

11*5 

4*6 

6-95 

44-1394 

113 

68 

23*0 

11*3 

4*5 

7*00 

44-9028 

111 

07 

22*0 

11*1 

4*4 


Influence of Time. —It is now generally recognised that the time 
during which the pressure is maintained in making an indentation test has 
an appreciable influence upon the results obtained. Broadly speaking, the 
effect in this connection varies with the hardness of the metal under test. 
Although this fact is accepted, the quantitative influence of time has not been 
thoroughly examined, but with the object of neutralising its effect it is 
the practice to maintain the maximum pressure for a standard time—namely, 
30 seconds. 

When we consider that it is possible to obtain a constant value by the 
somewhat arbitrary method of applying any load above a certain minimum, 
as in BrinelFs method, we are almost tempted to conclude that we are dealing 
with a fundamental physical property of metals and not with a group of such 
unrelated properties. This we may regard as the viscosity of the material, 
and regard metals in the solid state as comparable with li(|uids of very high 
viscosity. Table XXIV. contains a list of indents and corresponding areas 
in mm.^ along with the Brinell hardness numbers. 

Scleroscope Method .—This method of testing hardness, which is ex¬ 
ceedingly useful, is based upon an entirely different principle from that 
just considered. It may roughly be described as being dependent upon 
the resistance to penetration under a dynamic stress, and partly upon the 
elastic properties of the metal. It should be clearly understood that both 
these factors take part in the test, and that under ordinary conditions their 
relative influence is not the same when samples of different hardness are 
being examined. The reason for this is, that the energy of im])act is the 
same in all tests, and consequently the amount of deformation—that is, the 
work done on the specimen—varies with the hardness of the material; tlicre- 
fore the energy of rebound does not depend alone upon the elasticity of the 
metal, for it is influenced by the varying amounts of energy used in pro¬ 
ducing indents of different sizes. It follows from this that a atraiglit-line 
relationship between the values obtained by the scleroscopc on the one hand 
and those by the Brinell on the other cannot be expected unless some 
correction is made to allow for the varying energy that is absorbed in the 
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latter test. If, however, a correction of this kind could be introduced there 
are good reasons for thinking that there would be a very close relationship 
between the elastic rebound and the Brinell values. 

Dynamic Indentation Test, —Many years ago a French investigator, 
Lieut.-Col. Martell, conducted an extensive and important investigation 
on the indentations which are produced in metals under dynamic stresses. 
He proved that when using three different strikers having the form of quad- 



Fig. 137.—Impact Device for transmitting a known amount of energy through a 
hardened 10 mm. ball to surfaces under tost. 

rangular pyramids, the volume of the indent was directly proportional to the 

total energy of the blow. In other words, y = constant, which is known 

as Martell’s hardness number. With an instrument such as is shown in Fig. 
137, which was used by the author, plastic deformations with a 10 mm. 
ball under a dynamic stress can be made. 

This consists of a heavy base A, which is supported by three legs that 
are firmly screwed into it. On the upper side oftlie base are tiglitly fixed 
two upright rods of steel which act as guides for the weight B which slides 
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very loosely between them. The beam or cross-piece C serves to support 
the weight and regulate the height from which it is allowed to fall. Thia 
beam can slide up and down on the guides. Its position can be accurately 
adjusted by means of two balls in spring sockets engaging in grooves exactly 
one inch apart, on the inner sides of the guides. The highest position of the 
beam permits the weight to fall 21 inches measured from the lowest part 
of the ball, fixed at D, to the surface of the specimen. As shown in Pig. 137 
the weight was exactly 3*5 lbs., but by removing the two cylinders EE of 
duralumin the weight was 1*75 lbs. If, instead of duralumin, two steel 
cylinders were used, the total weight was 7 lbs. Hence with this simple 
arrangement it was possible to ari:ange for any degree of impact energy 



Fig. 138.—Brinell indents with load of 3,000 kg., and impact indents 63 inch-lbs. 


between If to 147 inch-lbs. The weight was released from its hanging* 
position by pressing the handle F. Care was always taken to keep the 
guides well smeared with vaseline to allow the weight perfect freedom to fall, 
with the minimum amount of friction. That the friction was exceedingly 
small and insufficient to interfere with the value of the results is manifest 
from the fact that practically the same indentations were produced even 
when the weight was dropped from different heights, providing the same 
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impact energy was applied ; for example, the same results were ol 
with a weight of 3|- lbs. falling *20 inches as for a 7-lb. weight falling 10 
Since the height from which the weight i^ell was determined by th 
position of the grooves, the exact distance of the fall when specimens of -v 
thickness were being tested had to be regulated by other means. Tt 
done by adjusting the height of the dummy G, on which the specimen 
by means of the screw H. Specimens were not allowed to rest loosely 
dummy, because energy might possibly have been dissipated in thi 
The samples were, therefore, rigidly held down by means of the ho 
by sliding it on the guides and tightly screwing it on the specimen, 
the weight is released, the striker on the lower side passes freely tl 
a hole in the holder and hits the specimen. Before making any exper 



Fig 139.—Diameter o< indent produced by impact of 35 inoh-lbs. 


the apparatus was carefully placed, so as to ensure that the guides we 
perfectly vertical position, on a thickly concreted ground floor. The i 
ment was in such a position during all the experiments which have been 

When the diameters of the indents produced with this instrum 
metals of varying hardness are plotted,against the corresponding dia: 
made under a static load, Fig. 138, it will be seen that there is a st] 
line relationship between them. 

If the same dynamic indents are plotted against Erinell numbers, a 
such as shown in Fig. 139 is obtained. The equation for this cu 
TT 7,455 

H = -I—, where H is the Brinell number and d is the diameter of the 
produced by impact. There are certain anomalies to which attentior 
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be drawn; they are the four metals—iron, cadmium, zinc, and tin. In these 
instances it will be noticed that the observations fall well off the main curve 
in such a manner as to indicate.that it is relatively less easy to produce an 
indent under dynamic stress in these metals thaii in others. This must 
not be interpreted as meaning that with these abnormal metals a greater 
amount of energy is absorbed when tested by dynamic means than when 
tested statically; all that it indicates is that those particular elements 
show a relatively higher resilience under impact, and consequently give a 



0 200 400 eoo 

brinelu karoness n2§ 

Fig. 140.—Comparison of Sclerosoopo Hardness Nos. with heights of reboiitul 
using new impact instrument. 

greater rebound than would be expected when the results for other metals 
are taken into account. Why this should be is not known with any (‘ertaintV; 
but the author has observed that thi^ abnormal behaviour is associated witli 
a special kind of deformation. The difference is this, when iron, zinc, 
cadmium, and tin are quickly strained, their crystals become prc)lifi(*ally 
twinned, but this does not appear to take place when they are slowly strained. 
vSo far as can be detected other metals do not possess this particular {)roperty. 
As regards the dimensions of the indents produced, the author has found, 

and Mr Batson has independently confirmed, that MartelFs law y = constant 
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is almost, if not absolutely, correct when hemispherical strikers are used, 
It is, therefore, an easy matter to calculate from the volume of an indent 
made in any metal with a known impact exactly what amount of energy 
would be required to give an indent of a standard size. 

Dynamic Indentations and Elastic Rebound. 

As previously intimated, the principle of the Shore scleroscope is that 
the height of rebound of the small hammer is proportional to the elastic 
properties of the metal tested. The inventor does not claim that this 
instrument measures the same kind of hardness as the Brinell method, 
but it would seem that the difference is not nearly so marked as would at 
first Sight appear, indeed, it is highly probable that, if the height of fall of 



Fig. 141.—Comparison of the Brinell, Scleroscope, and Impact 
Indent Hardness Beales. 


the hammer could be adjusted so as to give the same size of indentation in 
all tests, the rebound would be directly proportional to the Brinell hardness 
number. Although the available data is insufficient to enable us to formulate 
a really definite conclusion in this respect, the results obtained by Batson 
and by the author indicate that the above view is substantially correct. 
For example, if the data obtained with the instrument. Fig. 137, and plotted 
in Fig. 140, are reconsidered in the light of Martell’s law, see Fig. 141, it 
will be noted that there is a straight-line relationship between the total energy 
of impact required to produce a standard indent and the energy of rebound. 
Since the amount of work done in making a standard indent is the same, 
and this must bear a direct relation to the ideal Brinell number, it follows 
that, under favourable conditions, the Brinell value and elastic rebound must 
be reflexes of each other. 
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This Diagram has been prepared by Sir Robert Hadfiold from the data of Table X.W. 
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not more than would be anticipated from experimental error. There is a 
slight tendency for the results of samples possessing medium ultimate stresses 
to fall off the line a little more than the average for the others. The general 
agreement is, however, so good as to warrant the conclusion that there is 
a direct relationship between hardness and tensile strength which holds 



foi steels, and may probably be applied to many, if not all, other metals 
and alloys which have been mechanically worked after casting and are 
capable of plastic deformation. 

A very interesting diagram. Fig. 143, showing the relations between 
hardness and other mechanical properties has been constructed by Sir Eobert 
from the data published in the paper by Shore already quoted. 
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Molecular Attraction and Hardness. 


The tendency amongst physical metallurgists is to regard the hardness of 
metals as being due to the attraction which exists between their molecules. 
This attraction, which is usually described as intrinsic pressure or internal 
cohesion, is considered to be identical with the corresponding attractive forces 
which are known to exist in gases. 

In Boyle’s law for gases, which is written pv = H T, no account is taken 
of molecular attraction. Of course it is well known that ordinary gases 
do not strictly obey this law, and it is recognised that the deviations are 
due to the forces of attraction which exist between the molecules. To 
allow for this, van der Waals has modified Boyle's expression and writes— 


-^is termed the internal pressure, and b is the liiniting volume at which the 



molecules of a gas are actually in contact with each other. The above equation 
has been used by Traube and applied to a consideration of the solid state. 
He has calculated the internal pressure for a number of solids, and found that 
the modulus of elasticity and internal pressure run parallel with each other. 
He also compared the internal pressures with hardness values, but was not 
satisfied with the results, and attributed the disparities to the influence of 
impurities on the results he had for the hardness of metals. The author 
has plotted Traube’s calculated values for the internal cohesion against 
the Brinell hardnesses recently obtained for the corresponding metals, Fig. 
144, and, whilst it cannot be claimed that the agreement is perfectly satis- 
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factory, the discrepancies may, apart from the question of impurities, be 
due to two factors which van der Waals’ equation of state does not take 
into account. 

These are, first, the possibility of a metal undergoing a complete rearrange- 
ment of the distribution of its molecules in space, and, second, the case of 
a metal which may be mon-atomic over one range of temperature becoming 
di-atomic over another range. Either of these changes would undoubtedly 
cause an alteration in the hardness of a metal, but no provision is made 
for them in van der Waals’ equation. 

Hence, the calculated values for internal cohesion cannot be expected 
to agree with the experimentally determined hardness for a metal coming 
under either of these categories. In^this connection it may be interesting 
to note that, in the case of antimony, which gives a more widely different 
calculated value for internal cohesion than would be anticipated from its 
Brinell hardness, Bragg ^ has shown that its molecules are di-atomic, whereas 
in copper, where the theoretical and calculated values are much closer, the 
molecule is luon-atomic. Ludwig^ has shown that antimony is one of the 
metals which rapidly loses its hardness as the temperature is raised to a 
certain x>oint, after which the fall becomea.jnuch less rapid. 

Many attempts have, from time to time, been made to give an explanation 
of the different hardnesses of pure metals. In 1873 Bottone^ advanced 
the view that hardness varied directly as the number of atoms per unit 
volume. This view has since been supported by other workers. In column 
1, 1’ablc XXV., are given the atomic volumes of a number of solid elements, 
and the corres])onding Brinell numbers are arranged in column 2. Both 
these series of figures are plotted in Fig. 145 against the respective atomic 
weights. It will be seen that both factors follow some kind of periodic 
function of the atomic weight. Eichards ^ has shown that when the electric 
[)ropcrties, coenicient of expansion, and compressibility are plotted in this 
way they show the same kind of periodic variation. The view that hardness 
varies with the atomic volume may be quite correct if the determinations 
were made at temperatures immediately below the melting points, but an 
examination of the data given in Table XXV. strongly suggests that atomic 
volume (‘annot possibly be the only factor which determines the degree of 
hardness possessed by a metal. For example, sodium and calcium, which 
have very nearly the same atomic volumes, have quite difierent hardnesses, 
and, indeed, the latter, which has the greater atomic volume of the two, 
is mu(*h the harder; again, iridium, with a higher atomic volume than iron, 
chromium, or co])per, is considerably harder than any of those elements. 
Therefore, whilst it may be admitted that atomic volume plays an important 
role as regards the hardness of pure metals, it is certainly not the only 
governing factor, and it is necessary to enquire what other physical properties 
arc eon(‘erned. After a rough examination of other constants, and the well 
known fact that hardness is materially affected by heat, we are immediately 

^ May Lecture, Inst, of Metals, 1916, No. 2. 

^ 7jeitschrijt fur Physikalische Chemie^ voL xci., 1916, p. 232, 

^ Bottono, Chemical News, 1873, p. 215. 

* Tramacliom of Chemical Society, 1911, vol. xeix.; Journ. of American Chemical 
(36), pp. 24/7-2439; and Journ. of Chemical Society, 1916, vol. ii., pp. 16 and 
niH 
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TABLE XXV. 


Element. 

Atomic Volume. 

Brinell Hardiim. 

'I’rn ■ t 

V - E * 

Sodium, - 




23-7 

•07 

•29 

Magnesium, 

- 

- 

- 

143 

38*30 

10-3 

Aluminium, 

- 

- 

- 

10*5 

24*7 

15*1 

Silicon, - 

- 

- 

- 

11'4 

2400 

89*3 

Phosphorus, 

- 

- 

- 

17-2 

•63 

•12 

Potassium, 

- 

- 

- 

47-() 

*04 

•09 

Iron, 

- 

- 

- 

7'1 

97-0 

97*0 

Nickel, - • 

- 

- 

- 

6-7 

144*0 

H5*0 

Cobalt, - 

- 

- 

- 

6*8 

86*0 

99-9 

Copper, - 


- 

- 

7*1 

53*0 

49*3 

Zinc, 

- 

- 

- 

9*5 

45*5 

8*4 

Arsenic, - 

- 

- 

- 

13*3 

1470 

62*4 

Rhodium, 

- 

- 


8*5 

1560 

I48'0 

Palladium, 

- 

- 


9*3 

610 

71*6 

Silver, 

. 

- 

- 


37*0 

26*8 

Cadmium, 

- 

- 

- 

“•() 

29*0 

5*49 

Indium, - 

- 

- 

- 

161 

lO 

1*28 

Tin, 

- 

- 

- 

16*2 

9*0 

' .3'5 

Antimony, 

- 

- 

- 

17*9 

58*0 

17*4 

Iridium, - 

- 

- 

- 

8*6 

217*0 

177*4 

Platinum, 

- 

- 

- 

9*1 

1 44*0 

U6-0 

Gold, . 

- 

- 

- 

10*2 

33*0 

39*7 

Thallium, 

- 

- 

- 

17*2 

7*3 

3 2 

Lead, 

- 

- 

- 

18*2 

6-9 

3*3 

Bismuth, 

■ 

- 

' 

21*2 

14*0 

.V3 


led to the conclusion that the distance from the melting point of th(‘ tem¬ 
perature at which determinations are made must be given candid attimtion. 
Of course, the moat satisfactory way of considering this side of the ifuestion 
would be to make the hardness tests of the different metals when tlH‘y are 
in corresponding states—“-i.e., at equi-distant temperatures from their re¬ 
spective melting points on the absolute temperature scale. Unfortunatidy 
there is as yet insufficient data along these lines, and in the absenc^e of reliable 
quantitative data it may be useful to consider the results for ordinary 
atmospheric temperature. Considering only atomic volume and temperature 
so far as is possible the most satisfactory agreement between wliat may he 
provisionally regarded as theoretical values, and those obtaimul experi¬ 
mentally, is found by assuming that hardness is proportional to the distance 
from the melting point, and inversely proportional to the atomic volume 

—• f, ^ 

0^ y— ~ a where T m is the absolute uidtinj? point, and t is the 

temperature at which the test is made. The figures obtained iii this way 
are very much more nearly proportional to the determined hardness than 
is the case when atomic volumes alone are taken, into account. For the 
most part they are roughly equal to or a multijilc of the Brinel! numbers, 
but in the case of such elements as sodium, potassium, phosphorus, and 
indium, which have low melting points, the calculated figures are far too 




METHODS OE TESTING HARDNESS. 


163 


liigh. To bring these elements into the general scheme it is necessary to 
consider at least one other variable. The factor which next appears to 
demand attention is the change in atomic volume, with temperature. 
Assuming that the coefficient of expansion is really a linear function of 
temperature, we can calculate the atomic volume for any desired tempera¬ 
ture. The alteration in atomic volume with change of temperature is, 
however, so small as to make it quite evident that if its effect is of the same 
order as previously considered, its influence upon the above equation would 
be practically negligible. If, however, we suppose that this change of volume 
acts on the hardness more or less independently of the real volume, and state 
that its influence is inversely proportional to the temperature, then its effect 
would be brought out much more prominently. The expression would 


then be 


Tin-- i 

V X C of B 


= 11, or, hardness would, in accordance with this ex¬ 


pression, vary in proportion as the distance from the melting point, but 
in the inverse direction as the product of the atomic volume and coefficient 
of expansion. With this modification the calculated figures for phosphorus, 
sodium, potassium, and indium very closely agree with the experimental 
values. It will, however, be noted that there are still irregularities (com¬ 
pare column 3 with column 2, Table XXV.), but they can scarcely be regarded 
as serious when it is reiuembered, first, that the tests have not been made 
at corresponding ttmiperaiures ; secjond, it has been necessary for the time 
being to aasuine that the coefficient of expansion is a linear function of tem¬ 
perature, and, third, it has not beem ]) 08 sible to take account of any internal 
molecular transformation that might occur in some of the elements at certain 
definite temperatures. If we take only one of these—namely, the third— 
and examine it in the light of the results obtained by Ludwik for the change 
of hardness with temperature for antimony, zmc, and cadmium, it would 
seem that if it were not for some internal molecular rearrangement taking 
place well above 15^ C., the difference between the Brinell hardness of these 
elements and the values obtained by means of the equation would be very 
small. For if the upper sections of Ludwik’s^ hardness curves for these 
three elements are extended down to the ordinary temperature, and the 
transformations which take place are thus tentatively eliminated, the 
values are then approximately the same as those obtained from the equation. 
Of course, this equation cannot be regarded as perfectly satisfactory, but 
it appears to embrace the more fundamental factors governing the resistance 
to penetration of pure metals. 


^ ZeiUchrift fOr Fhysikaluche Chemie^ vol. xci., 1916, p. 232. 
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CHAPTER XV. 

THEORIES OF HARDENING STEELS. 

The fact that steel can be hardened simply by heating to a bright red heat 
and quenching in a relatively cool liquid medium, such as water, lias been 
well known and utilised for ages. It is to this particular propert.y of steel 
that civilisation owes, directly or indirectly, so many of i\w advances that 
have been made. 

In view of the great importance of this property, it is not surprising that 
many attempts have been made to explain theorotic^ally how it is brought 
about and what is its precise cause. Wheii, lik(swi.s(\ the complexity of the 
problem is taken into account, it is not very romarkabI(‘- that !h{% conclusions 
arrived at have, in many respects, been widely diiTcu’cnt, The various theories 
that have from time to time been advanced iiavo been subjc^cjted to stn'cre 
criticism, and although the controversy has developed along lines which 
have sometimes seemed to confuse the issue, it has stimulated further in¬ 
vestigation, and the publication of valuable data, and tlius served a useful 
purpose. 

Even now it would be unwise to dogmatise, because it is (piite poHsible 
that some important fact still awaits discoveuy, which will nec(\ssitute a 
modification of any conclusion now drawn from the most rcliabh* data at 
present available. 

Briefly, it is known that hardening is in some way (‘oma^cted witli the 
effect of quenching upon the Ai^ critical point wiiich occurs at 7(Hr in 
carbon steels. Further, it is acknowledged that the tlegree of hard(»ning 
is practically proportional to the magnitude of tiui Ar^ change, and, there¬ 
fore, the naaximum effect is produced with about O-O p(^r c(*nt. of (mrljon. 
Until comparatively recently the theories that were for!nulat(«i <‘ould mc»re 
or less be classed in two groups—*viz., those wiiich attrilmte the hartlening 
to the presence of a particular allotropic modification of the iron, and f lume 
in which it is considered tliat the hardening is associated with a certain 
condition of the carbon as it exists in tht^, (pienchod steel. In recent years 
there has been a decided tendency to consider the fiiiestion in a mucli bnuuler 
light. 

The allotropic theory was first put forward hy Osmond ^ in his classitad 
research on “ I'he Critical Jhiints of Iron and St-eel," but since that pulilica- 
tion the interpretation of the facta upon which Ids theory rests, and even 
the theory itself, have been modifio(l in some rather important respects. 
Originally Osmond was unable t.o decide whether the c.ritii'al points Ar^ 
and Ar 2 were totally distinct and independent of each other, or whether 
the Arg point was the lower limit of the Ar-j retarded by the presence of small 
quantities of carbon. Provisionally, ho asserted that iron below Ar^ possesses 
^Journ. Iron and Steellnst,, 1890, No. 1. 
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the molecular form a, and above Ar 3 the allotropic form At temperatures 
between those two points, when they are distinct, he considered that the 
metal consisted of a mixture of the two varieties a and yS. He also gave 
figures illustrating how the position of the recalescence is lowered when the 
cooling of a steel containing about 0*9 per cent, of carbon is accelerated. 


Cooling. 

Duration of Cooling 
botweon 705“ C. 
and 078“ C. 

Hard Steel, 

Ari Change, 

Cooling arrested at 

Temp, rises to 

Hlow in tube, . 

40 seconds 

671° C. 

675° C. 

(hxi inary in tube, 

20 

670° C. 

680° C. 

Rapid in air. 

not dotorminod 

. 642° 0. 

651° C. 

Very rapid in water, . 

9> 

absent 

absent 


Ah is shown by these figures, when the rate of cooling is fairly rapid, 
the changeB produced during slow cooling are not produced on quenching. 
OsuioturH comdusionH were us follows “ Hardened steel is a steel in which 
the iron and carl>ou have preserved more or less completely in the cold the 
condition which it poss«‘Hsed at high temperatures. The heat of the change 
that has not, luMm (‘{T(‘ct(‘d nnuains disposabh^, in the metal, and may be 
terriU‘d tlu‘ latimt hc^at of hanhming. \V(^ (!onc.lud(', that liardened steel owes 
its prop<u1ies principally to the presen(‘.e of /i-iron, which is hard and brittle 
by itself at- tlie ordinary temperature. Carbon in the state of hardening 
carbon maintains iron in the /i condition during slow cooling up to a tcim 
perature which is in inveu’se proportion to the amount of carbon contained 
in the metal. . . . The influence of carbon is of the same character as 

that of the rat<‘. of cooling, and Iroth combine to produce the final result. 
The rate of (‘ooling alone is not sufficient under ordinary conditions in which 
Irardening is ejected to maintain an appreciable fraction of the iron in the 
/i condition. But as, under the same condition, it is easy to maintain the 
carbon in the static of hardiuiing (‘arhon, and as the hardening carbon imparts 
Htabilitv to //"iron, it is evident in what manner /idron may be successfully 
pr(‘M<u*veil up to thc^ ordinary temperature by the aid of carbon. The more 
rapid the cooling the m()re in<‘ompleto are the changes and the harder is the 
liardened nmtal.” 

It should bit remembered that at that period, and for some time later, 
the /i theory, as it is called, referreil to the iron when at temperatures above 
the Afjj ]Kmit as being in the ji condition. That theory, as it was then known, 
was eiitirely independent of the condition of the iron when at temperatures 
between and Atg points. At a later period, however, it was considered 
by Osmond, Robert-s-Austen, and others who took the side of the allotropists, 
that the Ar^ point was quite distinct from the kr^ critical point, and they 
came to the conclusion that the Ar^ also corresponded with an allotropic 
change in the iron. From that time onward the /i theory, as applied to the 
hardening of steels, retained the same name, but really became a different 
theory. Thus the range of temperature between the Ar 3 and Ais became 
known as that in which the iron existed in the ^ state; and what was pre¬ 
viously known as /i-iron (above the Arg change) was afterwards spoken of 
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as y-iron. These alterations in the theory are of fundamental importance, 
particularly when the details of the case are considered. In the early stages- 
of the theory, allotropists definitely considered that iron when in the /S, 
which afterwards was known as y-form, above the Arg point, was hard and 
brittle of itself at the ordinary temperature, but subsequently they asserted 
that y-iron was really soft under all conditions of its existence— i.e., whether 
in a stable or unstable condition. 

The hardening of steel by quenching was then attributed to the iron 
as it existed between the Arg and Arg points, which was first regarded as a. 
mixture of a- and y-iron, but later became known as /?-iron. In 1893 Metcalf 
and Langley ^ concisely expressed the views of the “ carbonist ” theory of 
hardening. In this theory no special point is made of the fact that iron can 
exist in different aUotropic forms. Their statement was to the effect that 
hardening is due to the enforced solution of the carbon in iron by sudden 
cooling, the hardness being a direct function of the rapidity of cooling. 
Hardening is accompanied by great internal stresses. The molecular strains 
set up produce hardening in a similar manner to that of cold working. Carbon 
alters the molecular aggregation, and the resulting strained grouping 
brought about within certain temperature hmits. 

The controversy upon this question dates from the time of Roberts- 
Austen^s first report to the Alloys Research Committee,^ when Arnold and 
'Hadfield opposed Osmond’s theory, which was. supported by the author 
' of the report. Since that date the discussion has proceeded at very frequent 
intervals, and has been taken up by almost all metallographists, until it has 
become practically impossible to refer in detail to every publication. In 
justice to those who have interested themselves in this matter, it should, 
however, be remembered that, whether their contributions have been con¬ 
structive or otherwise, they have served a useful purpose, and in some degree 
assisted in building up a sound theoretical explanation of the phenomena, 
now under review. At the present time there are good grounds for thinking 
that only very shght differences of opinion exist, and even those are not of 
fundamental importance. 

There are undoubtedly some reasons for considering that iron in the 
jS condition (that is, when at temperatures between the Arg and Arg critical 
points) is somewhat harder than a-iron at a temperature just below the Arg 
point.^ That alone, however, is not sufficient proof, and is indeed only a 
favourable circumstance in support of the view that quenched steels owe their 
increased hardness to ^-iron. For the ^-iron theory as applied to the har¬ 
dening properties of steel, it is, -above everything else, necessary to prove 
that jS-iron exists in quenched steels, or to establish upon scientific grounda 
that that variety of iron can reasonably be expected to exist therein. 

This necessity is not confined to any particular steel or group of steels^ 
but extends throughout the whole range, and especially to those containing 
about 0 *9 per cent, of carbon, as they possess the power of hardening in the 
highest degree. It is from this particular aspect of the problem that the 
allotropic theory should first be judged. 

In order satisfactorily to ascertain whether jS-iron can exist in a quenched 

^ Trans. Amer. Soc. Civil Engs., vol. xxvii., p. 382. 

^ Proc. Inst. Meek. Engs., 1893, p. 543. 

® Rosenhain and Humfrey, Joum. Iron and Steel Inat., No. 1, 1913. 
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steel, it is necessary to consider the physical changes through which steels 
pass on cooling, and the precise effect of carbon upon the allotropic inversion 

y ^Rd /5^a that occur in pure iron. In discussing the constitutional 
changes that occur in carbon steels (Chapter IV.), it was shown that the addition 
of carbon to iron progressively lowers the Arg change, and when 0*45 per cent, 
of carbon is present, the Arg change is coincident with, or to be more correct, 
comrnences at the same temperature as the Arg change in pure iron. A steel 
containing about 0-20 per cent, of carbon on cooling from about 950° C. 
(at which it is a homogeneous solid solution of carbon in y-iron) to 840° C., 
begins to deposit from solution a certain amount of iron which is in the 
P condition. As this /S-iron can hold little or no carbon in solution, the 



solid solution from which it was deposited becomes relatively richer in carbon, 
from whence it follows that the temperature of the mass must fall somewhat 
before any more /3-iron can be deposited from what may be termed the 
secondary solution. In steels, therefore, this transformation from the y 
solid solution is a progressive one; it is not completed at one temperature, 
but occurs within a range. This gradual formation of /S-iron proceeds with 
falling temperature, and the remaining y solid solution becomes constantly 
relatively richer in carbon, until the temperature of the line 6 c, fig. 146, 
is reached, when the composition of the solid solution corresponds with the 
point c. At this temperature—^viz., 760° C.—^the /3-iron behaves in precisely 
the same manner in steels as it would in pure wrought iron, and changes 
bodily into a-iron. That being the case, at the temperature of the line h c 
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there will be three phases or constituents co-existing—namely, pure /3-iro 
a-iron, and the y solid solution of the composition represented by the poin*b 

Under these conditions there is what in physico-chemical terms is kno-v 
as no degree of freedom—that is, the three phases can exist together on 
at that particular temperature. From the fact that ^-iron changes in 
a at the temperature of the line & c, it is clear that /S-iron cannot exist a^s 
stable phase below that line, and the iron which subsequently separal: 
from the y solid solution must be in the a condition. The composition, 
the solution then alters in the direction of the line c e, until it contains 0*89 p 
cent, of carbon at the temperature def, when the y-iron changes bodi 
into a with the immediate separation of carbon as carbide of iron. It wi 
therefore, be readily seen that at no stage in the cooling of steels containii 
more than 0*45 per cent, of carbon does the jS variety of iron enter in 
their constitution. 

" From the diagram (fig. 146) it is possible to predict the phase or ph^s 
— i.e., the physico-chemical constitution—-of any carbon steel within the liixii 
of temperature indicated, and also the condition it would be in after perfe 
“ ideal ’’ quenching from any particular temperatm'e. For example, i 
steels so quenched from within the area I will consist of a homogeneo 
solid solution of carbide of iron in y-iron. Steels containing up to 0*45 p 
cent, of carbon when quenched from temperatures inside the area II wou 
consist of the y solid solution -f jS-iron. Steels containing up to 0*89 p 
cent, of carbon, when quenched from temperatures inside III, would consi 
of the y solution + a-iron. All steels, if quenched from below d ef, woxx 
consist of a-iron -j- carbide of iron. It is, therefore, evident that the 
variety of iron can exist on cooling only in those steels which contain Ic 
than 0*45 per cent, of carbon. jS-iron does not enter into the constituti< 
of those steels containing more carbon when they are slowly cooled, aa 
there are no scientific reasons for supposing that it does even as a me 
transition product, when they are rc-pidly cooled by quenching. This co 
elusion, so far as it affects the /? theory, is not influenced in the least degr 
by modifying the physical interpretation of the thermal transformati< 
^^2 of pure iron. Whether the Arg be merely the end or the lower limit 
the Ai'g change, as Osmond originally considered possible, and as Benedict 
has again recently suggested, is a matter that has no direct bearing upon tl: 
particular question. Whatever the physical condition possessed by ir< 
when at temperatures between the Arg and Ar 2 , that particular conditic 
does not, for the reasons stated above, enter into the question of the co 
stitution of steels with more than 0*45 per cent, of carbon. 

If it be assumed, or at some future time found, that ^-iron will dissol'' 
some carbon, it would make no fundamental difference to these conclusior 
The only diflerence such a discovery would make would be of a qualitati" 
nature—viz., the temperatm’e of the line h c (fig. 146) would be a little low€ 
It must, however, be remembered that for physico-chemical reasons tl 

y^/S inversion cannot be lowered to such an extent as to be coincide] 

with the Ar^ or carbide change point, since there would then be four phas 
in equilibrium at the eutectoid point—namely, a, /S, and the y solid solufcio 
along with carbide of iron, FegC. 

From this, it is therefore evident that there are very strong theoretic 
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reasons for considering that /3-iron should not be regarded as the cause of 
hardening. This is, so far as we can judge from our present knowledge of 
tlie subject, the only conclusion to arrive at, and it follows that the /d-iron 
theory, as applied in this connection (which attributes the hardness of 
quenched steels to the presence in them of ^-iron—i.e., the form in which 
it exists in wrought iron when between the Arg and Arg points) cannot be 
logically supported by known scientific facts or laws. 

In regard to the influence on hardening of the two remaining forms of 
iron, a and y, one only, y, need be seriously considered, a-iron may be 
dismissed, because it is known to be relatively soft at all temperatures at 
which it can exist above 0° C., and further, it has never been suggested 
that this form of iron really enters into the question. The third form of 
y-iron never exists in the pure state in steels. Hence, at the present time, 
it is perfectly legitimate to say that neither a, or y iron can, as such, be 
tiie cause of tlie hardness that occurs when carbon steels are quenched from 
above the critical points. 

It is, however, necessary fco determine how much, if anything, depends 
upon the fact that iron is capable of existing in different physical conditions. 
In the a form iron is not hard enough to be used by engineers for cutting 
purposes, while there is no reason for supposing that jS-iron can exist in 
liardencd steels. There can, therefore, be very little doubt that in some 
way hardening is due to the fact that y-iron will hold carbide of iron in 
solution, and tliat under ordinary conditions of slow cooling that solution 
(lc(‘()ni])oscs into a-iron and carbide of iron with the evolution of a consider¬ 
ables amount of heat. Although this generalisation, so far as it goes, is quite 
satisfactory, and is practically accepted by all metallographists, it is clearly 
not sudicient. At this stage it should be mentioned that the true solution 
of this question, whatever it may ultimately prove to be, in regard to'ordinary 
carbon steels, must also form the foundation of the theory of hardening 
tool steels in general, and, consequently, must be consistent with the ascer¬ 
tainable physical data of those steels which contain elements other than 
iron and carbon. 

An attempt to carry the above generalisation a step further was made 
by the author ^ some years ago, and is summarised as follows :— 

1st. The hardness of carbon-steel tools is due to the retention, by 
quenching, of the solid solution of carbide of iron in iron. 

2nd. Whilst this property • depends upon the fact that iron can exist 
in the y state—-that is, dissolved carbon—it is none the less dependent 
upon the fact that this solution decomposes with slow rates of cooling into 
a-iron and carbide of iron, and that some energy must be absorbed in the 
specimen during the quenching process, in order to overcome the tendency 
for this Aij inversion to take place. This energy is brought to bear in two 
ways—(a) by the sudden contraction of the outer envelope of the specimen, 
and (6) by an internal molecular contraction of the mass, which is related 
with the solution or osmotic pressure of the dissolved carbide. 

It was pointed out in the context that these conclusions have the advan¬ 
tage of being applicable to alloys which contain no iron, but which are capable 
of*being hai^dened in the same way as steel. 

According to this explanation, it follows that the degree of hardness 
^ Iron and Steel InsL, vol. ii., 1910. 
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prodaced by quenching any carbon steel will depend upon the velocity 
and thermal magnitude of the suppressed inversion, or, in other words, with 
the amount of energy it is necessary to ohsorb, in preventing the inversion 
from taking place. 

In this way the fact, which was first demonstrated by Osmond, that the 
so-called austenitic areas of quenched carbon steels are slightly softer than 
the martensitic areas in the same specimen can be satisfactorily explained. 
For, as can be readily seen from the lines a, e, e, g in fig. 146, the osmotic 
or solution pressure, the intensity of which they graphically indicate, increases, 
as the percentage of carbon increases from 0*0 to 0*89, and then rapidly 
decreases as the amount of carbon is raised to about 2-0 per cent. It should 
perhaps be mentioned here that as the osmotic pressure of solution increases 
the freezing point of a liquid is lowered, as is also the temperature at which 
a sohd solution deposits one of its constituents. Hence the maximum osmotic 
pressure in liquid solutions is found in the mixture corresponding with the 
eutectic composition, and in the analogous or eutectoid proportions in solid 
solutions. 

With regard to the velocity and thermal magnitude of the critical points, 
it is well known from cooling curve data that the maximum efiect, in both 
these directions, is also found in the eutectoid steel containing 0 *89 per cent, 
of carbon. Thus, in steels containing less than 0*89 of carbon the thermal 
changes are spread over a wider range of temperature, and the same applies 
to those steels which contain more than 0-89 of carbon, with the addition 
that in the latter instance the thermal efiect of the separation of the excess 
cementite is very weak, and can scarcely be detected pyrometrically. It 
is, therefore, evident that the maximum combined physical effect of iron 
and carbon is met with in steels containing 0*89 per cent, of carbon, and 
since there is no doubt that the hardening is directly connected with the 
osmotic pressure, and thermal critical points, etc., it is natural that the 
maximum degree of hardness should be obtained by quenching steels of that 
composition, and that the so-called austenite should be a little softer than 
martensite. 

Our knowledge of this subject has been materially widened by the publi¬ 
cation of a very important paper by Grenet.^ Following entirely different 
lines of thought, Grenet had arrived at almost exactly the same conclusions 
as those cited in the author’s paper. There are, however, one or two differ¬ 
ences that are of fundamental importance, ■ and should be very carefully 
studied. Grenet considers that quenching as compared with slow cooling 
may act as follows :— 

(a) By changing the nature of the constituents and, notably, by pre¬ 
venting wholly or partly the transformation on cooling. In this case, which 
is rare, so far—that is, as steels are concerned—the quenched state and 
annealed state are physico-chemically different states, and their properties 
cannot be foreseen. It may, however, be said that in the few instances in 
which such quenching is known the quenched state is often softer than the 
annealed state 

(b) Quenching may also act by lowering the temperature of the trans¬ 
formation on cooling. In this, which is the most usual case, the quenched 
metal is always harder than the annealed metal. 

^Joum. Iron and Steel Inst^ No. 2, 1911. 
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Grenet considers that the increased hardness produced by quenching 
steels, and alloys in general, is due, not to the suppression of an inversion, 
but to the drawing out or lowering of the temperature at which it takes place. 
Thus, he states thatAn alloy is the harder in proportion as the trans¬ 
formation which has given birth to its constituents at the time has taken 
place at a lower temperature, has been more rapid, and as the maximum 
temperature reached since the last transformation has been at a lower 
temperature, and has been maintained for a shorter period of time.” . . * 
‘‘We are thus led to the conclusion that hardness produced by quenching 
is duo solely to the fineness of the structure.” 

These conclusions are both interesting and valuable; in some respects 
they constitute a definite step in the right direction, but in others they appear 
to bo based upon certain assumptions that are doubtful, and are also at 
variance with certain accepted data which have a direct bearing upon the 
question. 

The Btaternent that, by rapidly quenching carbon steels, the Ar^ inversion 
is not suppressed is quite contrary to actual experimental facts, for, as 
was^ originally shown by Osmond, cooling curves of steel specimens taken 
during the quenching period showed no signs of heat evolutions so long as 
the c[uenching was properly conducted, and the steel was thereby hardened. 
The Baine investigator also demonstrated by two other methods that the 
inversion or evolution of heat is suppressed by quenching. 

(1) By dissolving in equal volumes of a saturated solution of the double 
chloride of copper and ammonia, equal weights (1*5 grammes) of different 
steels, successively annealed and hardened, and measuring the quantity 
of heat liberated in each case by the reaction 

2CuCi2 + Fe = 2CuCl + FeClg. 

The rises in temperature, after all corrections were made, were found 
to be as follows :— 

Annealed. Hardened. 

Medium steel. 2-366° 2-477° 

Hard stool,.2-148° 2-309° 

Showing that the hardened metal contains an excess of heat in comparison 
with the same metal when annealed. 

(2) He also took heating curves of hardened steel, and found that the 
liberation of the latent heat of hardening is rendered evident by characteristic 
accelerations in the progress of the heating. 

Thus, these facts clearly demonstrate that it is incorrect to say that 
the inversion is complete after rapid quenching and hardening, for they show 
that at least some of the inversion is suppressed. On the other hand, however, 
it must be admitted that there is no direct thermal evidence which definitely 
proves that the inversion is entirely suppressed when steels are rapidly 
quenched. 

Since the conclusion which Grenet came to in regard to the hardness 
being due solely to the fineness of structure is, in the sense he referred to 
it, dependent upon the transformation having taken place, it does not appear 
to be correct (1st) because the transformation is certainly not complete, 
and (2nd) what evidence we possess on this aspect of the question strongly 
suggests, if it does not actually prove, that the suppression is complete- 
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The fineness of structure, as Grenet uses the term, does not refer to the 
molecular constitution, but to the crystalline dimensions of the decomposition 
products resulting from the inversion—^.e., to the cementite and ferrite 
which he considers are formed under the conditions of cooling obtained on 
•quenching. 

This idea of the hardness being associated with fineness of structure, 
though from quite a different standpoint to that taken by Grenet, has been 
advocated in a good many instances by Beilby, notably in the passage already 
quoted in the chapter relating to Deformation and Strain-hardening. 

According to this theory, hardening results from the formation at all 
the internal surfaces of slip or shear of mobile layers similar to those pro¬ 
duced on the outer surface of polishing. These layers only retain their 
mobility for a very brief period, and then solidify in a vitreous, amorphous 
.state, thus forming a cementing material at all surfaces of slip or shear 
throughout the mass. Beilby uses the terms amorphous and vitreous in the 
following sense :—Amorphous = non-crystalline, or the state in which the 
molecules are not marshalled in crystalline order and orientation. The 
addition of the term vitreous is intended to narrow the somewhat wide field 
covered by the term amorphous, as Beilby uses the combined terms “ vitreous 
amorphous ” for substances which in some degree resemble the glass-like 
form assumed by the sihcates when they are solidified from the molten 
-state. In recent years Beilby’s work has attracted a great deal of attention 
from metallographists, and has been made use of to explain many phenomena 
■of a widely different nature. Thus, Osmond says ^ “ When two grains 

possessing different orientation touched one another, their respective recti- 
•cular systems could not interlock, and there were strong reasons for the belief 
that there existed between the two grains a sort of amorphous envelope, 
the average thickness of which was of the same order of thickness as the 
■crystalline molecule. If it was assumed, which it was admissible to do, 
that in the case of a hardened steel the average diameter of the actual grain 
—invisible under the microscope—was also of the same order of size, the idea 
might be entertained that in the hardened steel the iron might be amor¬ 
phous. That would correspond to Beilby’s ‘ Hard Iron.’ ” 

Logically to apply Beilby’s theory of hardening metals by cold working 
to the question of hardening metals by quenching from moderately high 
temperatures, it is, however, necessary to show that during the very short 
period of the quenching process the mass undergoes some internal movement 
on the surfaces of slip, or gliding planes. In the case of certain copper- 
aluminium alloys which possess almost the same physical characteristics 
•as carbon steels, both as regards their constitution and the power of hardening 
by quenching, it was first shown by the author ^ that during quenching 
the crystals are subjected to internal slip on the cleavage planes, which 
produces prohfic crystal twinning. This crystal twinning is not like the 
•crystal twinning which is so often seen in annealed metallic specimens, where 
there are only one or two narrow strips or twins in each grain, for in quenching 
these alloys the number of twin formations are really too numerous to be 
■counted (see photo-micrographs Nos. 67 and 68, which were taken from 
djhe same area after rotating the specimen through an angle of about 180® 

1 Discussion on Grenet's paper. 

2 ZeitscJirift filr Metallographie, 1913. 
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with the use of oblique light). In a similar manner it has been shown by 
Carpenter and the author that exactly the same effect is produced during 
the quenching of carbon steels. The twinning effect produced in steels is 
illustrated in the photo-micrographs Nos, 72 to 74. 

Incidentally, it is worth noting that the microstructures of the copper- 
aluminium alloys mentioned above, and also of the carbon steels, indicate 
that when they are properly quenched from above the temperature at which 
the solid solutions break up into their constituents, they are constitutionally 
homogeneous. From this, along with the thermal evidence, it is quite 
reasonable to conclude that the inversion is entirely suppressed, and the 
solid solution which exists at high temperatures is preserved at the ordinary 
temperature by quenching. Hence the following account is the theory of 
hardening advanced by the author and iointly extended with Professor 
Carpenter. 

The fact that twinning of the crystals is brought about by quenching 
these alloys conclusively proves that intercrystalline motion or slipping 
occurs. Since this has been established, it becomes possible to extend the 
tlieories that have been formulated by Dr. Beilby, and which are now 
generally accepted, for the hardening of metals by cold working to the 
hardening that is produced by quenching steels and certain other alloys. 
The only (U)ndition it is necessary to suppose, and there are indeed very 
good reasons for the supposition, is that the hard amorphous, vitreous layers 
tiiat a-rc formed on the cleavage ])lanes during the internal slipping or 
twinning are retained by (piick cooling. Dr. Beilby has shown that when 
metals containing these amorphous layers are heated, the latter return to 
the more stable crystalline form—that is, they rocrystallise—and that the 
temperature at which this occurs varies with the particular metal or metallic 
alloy. Hence, if the rate of cooling is sufficiently quick, the temperature 
of the mass will be lowered below that at which recrystallisation takes place, 
the vitreous amorphous layers formed on the cleavage planes will be pre¬ 
served and hardening will result; it would then follow that the final cause 
of the hanhming wliich is produced by quenching is exactly the same as 
when iiHitals are hardened by deformation by cold working. In the case of 
carbon steels and other alloys of a similar nature the actual strains that are 
sot up in the mass, when they are quenched, and which give rise to twinning 
or slipping on the cleavage surfaces, are brought into action during the 
brief period the mass is cooling. Hence, whilst the metal is undergoing 
intercrystalline slip and the amorphous layers are being formed, the chances 
for these layers t.o recrystalliso become less and less as the cooling proceeds, 
or it may be that a large proportion of the slipping which undoubtedly 
occurs, actually takes place at a moderately low temperature, and below 
that at whi(di the amorphous layers are able to recrystallise. It is, however, 
necessary to consitler if this idea is in keeping with known facts. 

Ist. The theory is applicable to all alloys, whether they contain iron 
or not, which can be hardened by quenching. 

2nd. By making use of Dr. Beilby’s excellent work and theories, the 
hard (mi ng which follows the cold working of metals, and that which is pro¬ 
duced by quenching certain alloys, is due to the formation of amorphous 
layers on the cleavage planes. In botli cases these layers are produced hy 
intercrystalline movement or slip. The precise agencies, by means of whicli 
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the intercrystalline clipping is brought about, are, however, somewhat 
different in the two cases. 

3rd. It agreed with one of Osmond’s latest statements on this question, 
yjjig, :—“ If it were assumed, which it was admissible to tio, that in the enm 
of a hardened steel the average diameter of the actual grain- inviailile under 
the microscope—was also of the same order of size {m the crystalline mole¬ 
cule), the idea might be entertained that in hardened steel the iron might 
be amorphous. That would correspond to Dr. Jleilby a ' hard iron.* ** 

4th. In some respects it resembles Grenet’s idea in regani to '' fmeness 
of structure,” being the cause of hardening. The only difference being that 
in this case the fineness is regarded as a molecular fineness of one constituent 
only, whereas Grenet refeis to it as meaning a crystalline fmeness of two 
or more constituents. 

5th. Properly quenched carbon stools, when carefttlly examinml under 
the microscope, show twinning of the crystals in a most pronouncml degree, 
Since it has been definitely proved by Dr, Beil by that the hardening of 
metals which is produced by straining at moderately low temperatures 
is due to the formation of amorphous layers at the Butfiiem of slip, it ftillowa 
that the twinning produced by quenching also gives rise to sinukr amorphoiw 
layers. The fact that crystal twinning is preserved at the ordinary teno 
perature after quenching is a strong indication that these liiyera ant ako 
retained, and it is this cement which prevents the twin crystak re'Uniting 
again. 

6th. So far as can be judged from the present state of entr knowledge, 
there is only one property of quenched steels which does not i«p|H>rt this 
view—viz., all carbon steels are magnetic, no matter how energcticiilly they 
are quenched from any high toniperature. This is a very important fact, 
and should not bo overlooked; neverthelesa, there are now many meta! 
lurgists who are of the opinion that the magnetic propertiefi are not dtdinitply 
and entirely associated with a-iron. It is, for e.tample, c|uit« rcaifCHiablc 
to suppose that the above-mentioned amorphous layers, wlach in t|ucnc}ird 
steel should be regarded as y-iron, are magnetic; or that y iron whim in 
the molecular condition is magnetic. 

It should perhaps bo pointed out at this stage that the eff hardness 

is not considered to depend entirely upon tiie amount of cry«f4d iwuming, 
but more upon the nature of the amorphous layers that are prmiuced thereby, 
as well as certain other factors, which will have to be conikkirod later. An 
regards the effect of twinning per se, the fact that mild steels contiiining, 
say, 0*20 per cent, of carbon when effectively quenched from temperntiircs 
above 900"^ C. are seen to he a mass of twinned crystals, but are, mivorthaleis, 
very soft in comparison with quenched specimens containing CMiii |mt cent, 
of carbon, seems to indicate that the degree of lumlnciis is not governed 
entirely by the amount of twdnning that is produced, 

This is really not surprising when the experimental facts that have been 
established by Dr. Beilby are taken into account. Ho has shown that th« 
amorphous layers w'hich are produced by cold w’orking powain differcni* 
properties in different metals, and it is safe to say that the properties, siu-h 
as hardness, etc., of the amorphous layers produced in metallic alloys will 
very largely depend upon the chemical composition of the alloys ami molc' 
cuiar constitution of the layers. 
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Moreover, the internal molecular or osmotic pressure of carhon steels 
at temperatures below the solidus and. within the y range increases as the 
percentage of carbon is raised to 0*90, the temperature at which the y solid 
solution can exist in a stable condition is thereby lowered, and the range 
of temperature through which the amorphous layers have to be cooled is, 
in consequence, considerably lowered and narrowed. It is, therefore, only 
natural to assume that the thickness of the amorphous layers will increase 
as the carbon is raised to 0*90 per cent., because the range of temperature 
through which they may be recrystallising is both lower and less. With 
higher percentages of carbon than 0*90 exactly the reverse phenomena set 
in—viz., the osmotic pressure decreases and the possibility of the amorphous 
layers recrystallising is greater. 

In regard to the nature of the amorphous layers themselves, there are 
two points to be considered :— 

First. Molecular packing, and second, the chemical composition of the 
amorphous layers. 

It has already been mentioned that whatever theoretical explanation is' 
given for the hardening of pure carbon steels by quenching, to be of any 
real value, it must also be consistent with the physical data and hardening 
properties of the so-called special steels. Hence, before making any definite 
conclusions from the knowledge we now have, and the opinions that have 
been expressed upon this subject, it is necessary and advantageous at this 
stage to draw attention to some of the more important characteristics of 
the special steels. 

The term special steel is usually applied to those steels which contain, 
in addition to carbon, notable quantities of such elements as nickel, chromium, 
tungsten, manganese, molybdenum, etc. Broadly speaking, the effect of 
the presence of the elements just mentioned, upon the critical points as they 
appear in pure iron and iron-carbon steels, is to retard the tendency for the 
transformation, from the y solid solution into a-iron and carbide, to take 
place. In certain cases the tendency in this direction, which may be con¬ 
veniently regarded as a kind of automatic brake, is sufficient when the steels 
are even slowly cooled from moderately high temperatures to completely 
obstruct all the crifcical points or ranges. Thus, without giving a description 
in this chapter of the new carbides that are formed in these steels, it can be 
safely asserted that the combined action of chromium and tungsten of 
chromium and molybdenum along with carbon, and of nickel or of manganese 
along with carbon, is such that the operation of rapid cooling by quenching, 
which is necessary to suppress the critical points that occur when carbon 
steels are slowly cooled, can be dispensed with. 

When the critical points have been suppressed by the addition of any 
of these metals, the steels are in what is known as the austenitic condition, 
and their microstructure partakes of polygonal crystals, as illustrated in 
fig. 168. There is, however, no doubt that the general properties of the 
different classes vary within very wide limits. For example, Sir R. Had- 
field’s manganese steel is practically non-magnetic at the ordinary tempera¬ 
ture, and so extremely hard under the tool that it cannot be machined, but 
the hardness of the same material, according to the Brinell ball test, is only 
about 200 as compared with that of 700 to 850 for hardened carbon steel. 
Nickel steel containing about 25 per cent, of nickel is also non-magnetic, 
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but is relatively soft by whatever method it is tested. In the case of the 
chromium-tungsten and chromium-molybdenum high-speed cutting steels, 
when cooled from very high temperatures, after which they are in the so- 
called austenitic condition/they are rather strongly magnetic and very hard. 
At this stage it should perhaps be mentioned that there are some nusleading 
statements in tlie literature on high-speed steels, to the ellect that at their 
hardest these steels are relatively soft. In certain cases, this may be the case ; 
they are perhaps not quite so hard as the hardest quemdied carbon steels, 
but the difference in this respect is very slight, and many of the i>rands upon 
the market are not inferior, in their degree of hardness, to carbon steels, at 
least when tested by Brineirs method. It is, however, <|uite well known 
that the relative hardnesses of different metals are m>t the same when tested 
by different methods, and some of the causes for these variations will ho 
discussed. 

For the time being it may be safely asserted that from t.he physico¬ 
chemical point of view the princdpal difference between tlu^ pure carbon 
steels and the so-called special steels which come under the c-lass just now 
referred to, is that with the former the suppreHsion of the earhide change, 
or separation, can only l)o brought about by external agencies, such as very 
rapid quenching from high temperatures, whilst in the lattt^r steels the 
special elements present give risc^, to the formation of new carbides, which, 
no doubt, owing to their higher molecular volume, or molecular weight, 
exert a greater osmotic pressure when in the ydron solution, and hnver the 
temperature at which the carbon-'-as carbide soparates from solution, 
and also decrease the velocity of the change. In otlier wonls, the action 
of these added elements is such that rapid (juenching can be dispensed with, 
and the resulting steels are in the same physicO'cliemical state as rapidly 
quenched carbon steels, the only difference Ixdng that in tlu^ h^rmer the 
crystals are unstrained and not; iwirmed, whilst in the latter pronotmcetl 
twinning is produced by the (jmulching. 

“ In both cases the thermal or carbide change is inhibited by pressure, 
but when this is brought about by external means crystal twinning occurs, 
whereas when all the necessary pressure is already inherent in the mass 
no internal crystalline disturbance occurs, because the crystal and molecular 
units are not thereby interfered with. That is to say, when <|uenching is 
necessary intercrystalline movement takes place, and hardening is brought 
about in the same manner as the hardening by cold working. When the 
pressure already exists as osmotic pressure, all tlio internal molecular and 
crystal units are subjected to the same pressure at any given momcmt, aiul 
no internal dislocation occurs. Under these latter conditions the only 
hardening, if any, that is produced, is due to tlu^ larger c|uantitv and nature 
of the added elements which are held in solution by the ydrom jusf in the 
same way that a stool containing, say, 0*ff per cent, of carbon is harder than 
one with 0-2 per cent, when both are at a temperature of UtK) ’ (!/' ^ 

From the above it will be evident that tlie amount of twinning produced 
by the suppression of the inversion will, broadly speaking, })e proportional 
to the amount of the inversion which has to be suppresseci by tlu^ extt‘rnal 
quenching, or inversely proportional to the osmotic pressure of the special 


^ Carpenter and Kdwardn, he. eif. 
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elements present. Hence twinning is entirely absent when the necessary 
pressure is supplied by sufficient nickel or manganese. 

As regards the statement that the amount of twinning will be proportional 
to the amount of tlio inversion which has to be suppressed by external means, 
such as (iiienching, or inversely proportional to the retarding influence of 
the special elements present, it should be noted that it is difficult to define 
exactly the term " quenching.” For example, a given rate of quenching, 
which might be regarded as slow for carbon steel, might legitimately be 
reganled as rapid ([uenching for a special alloy steel The following facts will, 
no doubt, make tliis point much more intelligible. If two samples of steel 
of about a cubic inch in volume, and having the following composition :— 

(jarbon Steel Carbon -chromium Steel 

()*9 per cent, carbon. *63 per cent, of carbon. 

6*00 „ chromium— 

are placed in a furnace at about 1,000*^ C., and then allowed to cool in the 
furnace over a period of, say, two hours, they will both be found to be quite 
soft. If, however, tliey are taken out of the furnace and allowed to cool in 
air, taking about half-an-hour to reach the ordinary temperature, the carbon 
steel will be very slightly harder than when cooled in the furnace, whereas 
the clironuum steel will be very much harder. The actual figures for the 
chromium steel are : - 

Cooled in furnace, . . . .281 Brinell hardness. 

„ air,. 642 „ 

Mr. J. (J. W. ilumfrey, who has carefully considered the question under 
discussion, also concludes that the hardening of steel, etc., by quenching 
is directly due to the formation of the amorphous phase.^ The only difierence 
between Humfrey’s views and those advanced by Carpenter and the author 
relates to the manner in which the amorphous phase is brought into existence. 
llmH lie says : An allotropic change must be considered as being essen¬ 

tially aiX‘.ompanied by a change in the internal structure of the molecules— 
ejj.y a re-organisation of the atoms composing them or a change in their 
number. Tims, wo have the two gaseous allotropes of oxygen, the common 
gas in which eacdi molecule (tontains two atoms, and ozone in which each 
molecule contains tiiree atoms. When an allotropic change takes place in 
a crystalline lanly we must imagine a similar internal re-arrangement of 
the atoms in each molecule ; and, if the new form which the molecules take 
iiwolves a corresponding change in the external forces which they exert 
upon o!ie ariother, then the previously existing space lattice may become 
unstable, and a fresh one may be formed characteristic of some other crystal 
form. But before the re-organisation can be completed there must, at least 
temporarily, be a state of disorder, and it is during this disorder that the 
author {Mr. Humfrey) considers that the structure must be considered as 
auuu-phous. The intermediate amorphous state may be realised as corre¬ 
sponding to ilie li(|uid which would be formed by the fusion of the solid 
phase stable at the lower temperatures if the conditions could be so adjusted 
that the subsequent recrystallisation were avoided.” He considers that 

' Prmmdinga of the Faraday Society, 1914. 
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this condition is obtained when carbon steels are quenched, by lowering 
the temperature of the inversion below that at which the amorphous phase— 
formed as a first step in the change—can recrystallise into a-iron. In special 
steels the same effect is produced without rapid quenching by the added 
elements lowering the temperature of the change. 

It wiU be noticed that there is exceedingly little difference between this 
theory and the one previously considered. In both cases the hardness is 
considered to be due to the amorphous phase, but in one this is supposed 
to be spontaneously formed, whilst in the other the internal straining as 
revealed by crystal twinning and caused by the quenching stresses are sup¬ 
posed to be the cause of the formation of the amorphous phase. 

It should be noted that there is some difficulty in understanding how 
the amorphous phase which must be regarded as the same physico-chemical 
state as the liquid can possibly come into existence spontaneously at a tem¬ 
perature much below the liquef 3 dng point. It must be remembered that 
a change from the crystalline into the amorphous or liquid variety necessarily 
involves an absorption of energy, and it scarcely seems possible that an 
undisturbed mass which is cooling and, therefore, freely parting with energy, 
in the form of heat, can at the same time absorb from its surroundings the 
energy that is necessary to convert it into the amorphous state. 

Another paper which should be carefully studied is that by Mr. Andrew 
M‘Cance.^ His chief conclusion is that:—“ In a quenched and uniformly 
hardened steel the carbon is in the state of solution, and it retains a portion 
of the iron in the y condition—the proportion increases very rapidly with 
the carbon content. The majority of the iron is, however, in the a condition, 
but, owing to the restricted mobility during the period of quenching, the 
crystalline units are not homogeneously oriented, and the hardness of quenched 
steels is due to this condition, which is similar to that of ‘ interstrain.' The 
hardness is interstrain hardness." 

It is an exceedingly difficult matter to decide the exact difference between 
this view and those just considered. Perhaps the most important is that 
Mr. M'Cance considers that crystallised a-iron is the chief cause of hardness, 
whereas in the others the hardness is attributed to amorphous iron plus 
amorphous carbide. In all, it should be noted that the hardness is retained 
as a result of what Mr. M‘Cance describes as a state of interstrain. 

Mr. J. H. Andrew ^ has recently published a paper on this subject, and 
arrives at practically the same conclusion as M. Grenet. 

^ Jmm. Iron and Steel Inst, 1914, No, 1. 

2 Zeitschrift fur Metallographie, 1914. 
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CHAPTER XVI. 

INFLUENCE OP INITIAL TEMPERATURE AND RATE OF COOLING. 

'J'hic so-called “ special alloy steels ” are those steels which contain notable 
(juantitieB of one or more elements than iron and carbon. These elements 
are intentionally added to the steel in order to modify its physical, mechanical, 
or (‘hemieal properties, and thus render it more suitable for a specihc purpose. 
It is true that even in what are generally regarded as ordinary carbon steels 
varying percentages of manganese are invariably used, but, broadly speaking, 
the object of using that element in such cases is more to reduce any oxide 
of iron which may be contained in the liquid steel, and to neutralise the effect 
of sulphur by forming manganese sulphide, than to impart any special pro¬ 
perty to the mass. 

It is well known that the properties of carbon steels may be modified 
simply l>y varying the rate at which they are cooled from moderately high 
temperatures. Thus, a pure carbon steel may be made as hard as glass 
and excetnlingly brittle by quenching in cold water from about 900^ C., or 
(|uite malleable and ductile by allowing it to cool slowly from the same tem¬ 
perature. Almost any stage between these two extremes of brittleness and 
ductility can he obtained by controlling the rate of cooling, providing the 
mass be sufficiently small. This variation in the mechanical properties 
is due to dit!erenec‘H in the intcTual structure of the material. An increased 
rate of coeding has the elfech of lowering the temperature at which the carbide 
or Ar^ change occurs, and by lowering the temperature of this inversion 
the carbide has less opportunity to develop or coalesce. Hence the pro¬ 
perties of a carbon steel containing, say, 0*9 per cent, of carbon may be 
modified within wide limits as a result of the carbide possessing different 
degree*s of fineness. 

Witli carbon steels it is only possible to bring about the necessary 
variations in the rates of cooling when the mass of steel is small. In other 
words, these very remarkable differences in the properties are produced 
by comparatively slight differences in the cooling rates. For example, the 
steel is har<l and brittle if the time taken in cooling from 900'" C. he only a 
few seconds, but ttuillcablo if the time taken be, for example, ten minutes 
or even less. Hence, it is obviously impossible to bring about a marked 
change of hardness and tensile strength throughout the mass of a large 
carbon steel forgirig by hastening the cooling. This difficulty can he com¬ 
pletely overcome by the addition of such elements as nickel and manganese, 
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whicli may be regarded as producing an effect of tbe same order as quenching. 
They lower the temperature of the carbide change, and thus influence the 
physical and mechanical properties of alloy steels in a manner similar to 
that of quenching. By varying the percentage of nickel or manganese, 
the temperature of the carbide change can be lowered to any degree down 
to the ordinary temperature, and consequently steels with almost any desired 
properties can be readily obtained. There is one great advantage in the use 
of these special alloy steels—namely, that their properties are modified from 
within, and, therefore, practically the same quenching effects are obtained 
all through large masses of the materials. 

Concerning carbon steels and the influence of initial temperature and 
varying rates of cooling, it must be admitted that the literature on this 
subject contains many unsatisfactory references to the time factor. Whilst, 
with regard to the rate of cooling, such statements as slow,'' hastened," 
and quick" may be convenient, they have no real meaning, and are 
absolutely unsatisfactory from a scientific standpoint. The same lack of 
precision is manifest in the descriptions of the thermal magnitude of, say, 
the carbide critical points, for these are frequently stated to be “ large," 
“ medium," or'' small," without any indication as to whether such differences 
are real or only apparent. During the early stages in the development 
of physical metallurgy it was not surprising that such general but scientifically 
inexact terms should be used, but there are very definite indications that 
this will not continue in the future, and that more exact researches on the 
quantitative influence of time, etc., will lead to the discovery of important 
facts. 

The most important, and, indeed, almost the only published investi¬ 
gations dealing with the quantitative examination of the influence of initial 
temperature and varying rates of cooling of carbon steels are those by 
Benedicks ^ and Howe and Levy.^ 

Benedicks’ work relates more particularly to the quenching velocities 
of varying quenching media, and the effect of different rates of cooling upon 
the critical points of steel. 

Messrs. Howe and Levy have made an extensive series of observations 
on the effect of cooling a steel with 0*92 per cent, of carbon from 800'^ C. 
and 900® C., at varying determined rates, upon (a) the temperature of the 
Ar^ transformation and its magnitude, (b) the microstructure, and (c) the 
tensile properties. The more important facts they observed are contained 
in Tables XXVI. and XXVIL, and the graph in Fig. 147. The chief con¬ 
clusions drawn from these data are briefly summarised as follows :— 

(1) Hastening the cooling lowers the Ar^ from its equilibrium position 
of about 725® C. at least to 625® C. if not to 530® C. 

(2) Raising the maximum temperature from 800® to 900® C. lowers Aij 
slightly, about 5® C. 

(3) Hastening the cooling at first increases the degree of recalescence 
at Ar^, but later lessens it. 

(4) The rate of cooling from 650° C. down does not affect the microstructure 
or the tensOe properties unless the cooling as far as 650® has been at least 
relatively rapid. 

^ Journ. Iron and Steel Inst., 1908, ii., pp. 218 to 221. 

^ Ibid. 1916, vol ii., p. 210. 
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As indicating the remarkable ease with which the mechanic:\l properties 
of carbon steel can be modified by carefully controlling the heating and 
cooling, it may be useful, briefly, to mention^ the Sandberg Sorbitic Steel 
Co/s method of treating tramway rails, in silu. The process consists in 
causing a flame to travel slowly along the surface of the rail under treatment. 
The speed at which the flame passes over the surface is so regulated as to 
cause the steel to be heated above the highest thermal change to the required 
depth. This heating is followed by the application of a stream of water 
to the heated surface. The operation is continuous, and the whole equipment 
is carried on a truck which runs on the tram track. ^ The microstructure^ 
corresponding with the three positions A, I>, and (•, Fig. 14B, are shown in 
Figs. 149, 150,151, and 152. 

With regard to the thermal magnitude of the carbide change as seen in an 
inverse rate curve, it is well known that the apparent size or intensity of this 
transformation is governed to a considerable extent by the rate of cooling. 
The effect is such as to give a smaller peak on the curve as the rate of cooling 


Brinell Hardness— 

A 600. 

B from 600 to 240. 
C 240. 



Pi^. 148.—Diagram of worn rail, showing position from which micrographs 

wore taken. 


is increased. It is, however, very imj)ortant to note that in most inBtiuuTh* 
this apparent change in the arrest at the critical point does not iH*(*(»HSiiriIy 
correspond with any alteration in the total (piantity of heat that is evolved 
during the transformation. Other things being CHfual, the duration of an 
arrest, or the size of a critical point on a cooling curve is inversely propor¬ 
tional to the rate of cooling. From this it follows that whilst the critical 
point appears to progressively decrease in magnitude as the rat(‘ of cooling 

, 0 . j duration of arrest , , , . , 

IS accelerated, the ratio —— --- = constant, so long as the trans- 

rate ^ 

formation is the same and it takes place completely at approximat<dy the 
same temperature. It may, therefore, prove <juite misleading to di'scrihe 
a critical point as small on the one hand, or larg(‘, on the* other, unless the rate* 
of cooling is duly taken into account. 

The study of the thermal magnitude of the carbide change with aeiecpiate 
reference to the rates of cooling might prove exceedingly interesting, more 
esnecially from the point of view of the constitution of special alloy steels. 

^ RngiaepThig^ April 5, I DIB. 
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lig. 149.—Micrograph X 109 cUamotorB showing sorbitic structures J" from surface 
of rail, corrosponding to “A" in fig. 148. 









Fig. 151.—Micrograph X 100 diameters showing normal poarlitic structure 
surface of rail, corresponding to ** C” in fig. 148. 



I'ig. 162.—Fractured rail, enlarged five times, showing hardened portion’of 

rail head. 
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In some of these steels it is quite possible that the thermal efiect usually 
observed in taking cooling curves is merely the net result of two entirely 
different reactions. For example, the carbide which first comes out of 
solid solution and gives rise to an evolution of heat, may be an unstable 
compound, and the first stage in the reaction be immediately followed by 
the formation of a more stable carbide which absorbs heat during its for¬ 
mation. By making very careful determinations of the arrest periods 
obtained with known increasing rates of cooling and comparing the data 


Initial Temperatures - 



thus found as it should be possible to detect the presence 

of any such compUcation in the nature of the carbide .change as is ^adi^ted 
above^. Although the evidence is as yet incomplete the author believes 
that this kind of double transformation does occur m certam tungsten 
chromium steels. For, over one quite wide ran^ of cooling rates the above- 
mentioned ratio is quite constant, but after a certam rate of cooMg s passed 
this ratio suddenly increases, then remains nearly constant at this higher 
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value before it decreases and is ultimately suppressed. If the data so far 
obtained can be supported by more carefully conducted experiments, it would 
mean that the net carbide change with slow cooling consists of two rea<tions, 
one of which is exothermic, and the other endothermic, and that th(' lattc'r 
can be partly, if not completely, prevented with certain <lidiiiite. rates of 
cooling. 


Initial Temperature 1150 



Fig. 154—Kato o; cooling at 600’^ C. 5 ~ 0*5 wui. |H»r 

a = 3 800 . por dogroo 0. c = {>*2 „ 

Many of the special alloy steeds are far more Beiisitive to compariitivtdy 
small variations in heat-treatment than car})on Htc‘elB. T!iuh» tin* wicitdy 
used nickel chromium steel containing: a})proxiinately 3-0 per cent, of nickel, 
1*5 per cent, of chromium, and *30 per cent, of carbon is exiremtdy seiwitive 
to small changes of temperature over a certain limited range, riading 
curves of a steel of this kind arc shown in Figs. 103 and 154, With tiui 
lowest recorded initial temperature, 814^^ 0,, it will be seen that there ia 
only one heat change on cooling at G37® C., if. however, tin* initial 
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temperature is raised 15° C.— i.e,, to 829° C.—the evolution of heat at 
637° C. is considerably smaller and a second one at 440° C. appears. 
As the initial temperature is further raised the magnitude of the upper change 
decreases, whilst that of the lower one increases, until, when cooled front 
about 874° C. or above, no evolution of heat occurs at the higher temperature. 
It will also be observed that with comparatively slow rates of cooling— 
3 sec. per degree—^the initial temperature is practically without influence 
upon the temperature at which the low change takes place. It is only with 



Initial TeMPe«ATURE ®c. 

Fig. 156—Effect of initial temperature on hardness with air cooling. 


the quickest rates of cooling that the temperature of the low change point: 
is depressed. The Brinell hardness numbers of this steel, after each cooling, 
are given under the respective cooling curves. The fact that very high 
initial temperatures—above 874° C.—^have no efiect upon the thermal 
characteristics of the steel must not be regarded as indicating they are without 
action on the mechanical properties, for such is not the case. 

The behaviour of other steels in respect to initial temperature and rate 
of cooling may be very dif erent from that just considered, and although tho: 
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amount of quantitative data is at present somewhat meagre, the case of 
chromium steels may be mentioned as showing quite different characteristics 
from the above. A set of cooling curves for a steel containing about 6-0 
per cent, chromium and *60 per cent, of carbon, as shown in Fig. 155. As 
will be seen many of these curves were taken at practically the same cooling 
rate from different initial temperatures. With this steel the nature of the 
oarbide critical point, and the temperature at which it takes place, can be 
entirely modified, both by varying the rate of cooling and the temperature 
to which it is heated. The effect upon the Brinell hardnesses of heating 
this chromium steel to various temperatures followed by rapid air cooling is 
shown in Fig. 156. 

From what has been said above it is scarcely necessary to state that the 
time factor, or rate of cooling, and the initial temperature should receive 
very careful attention in the study of all steels, and especially in the case of 


$rineU Hardness nuimber 



JDiatanoe from guencbed surface (mmO' 

Fig. 157.—Depth of penetration of quench¬ 
ing influence in a Carbon steel. 


Brinell’Hardness. number 



Eig. 158.—^Depth of penetration of quench¬ 
ing influence in steel containing 6 per 
cent Nickel. 


.alloy steels. This should not be confined to ‘a qualitative examination 
of these variables, but should be extended in such a way as to make it possible 
to construct constitutional diagrams in which they are both adequately 
represented. This could be done quite satisfactorily by taking the critical 
cooling rate as the rate at which the normal carbide change just begins 
to be depressed, and plotting these as verticals upon a triangular base—for 
ternary systems—in the same manner as is now done for temperature, see 
Chapter I. 

In a most interesting contribution to the discussion on a paper by Stead,^ 
L. Grenet gave a series of diagrams which clearly illustrate the influence 
•of various elements upon the hardening properties of steel. These diagrams, 
which are reproduced in Figs. 157 to 163, are not intended to represent 

^ Journ, Iron and Steel Inst.^ 1916, No. 2, p. 117. 
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Brinell HtSihW' 



Fig. 169.—^Depth of penetration of qnench- 
ing influence in steel containing 10 per 
cent. Nickel. 


Brinell Hardness nmnber 



Fig. 161.—^Depth. of penetration of quench¬ 
ing influence in steel containing 1 per 
cent. Chromium. 


Srhiell nuiftBof 



Distance from quenched surface (mm.'> 

Fig. 162.—^Depth of penetration of quench¬ 
ing influence in steel containing 5 per 
cent. Chromium. 


the exact depth of penetration of the quenching effect, but they are com¬ 
parable with one another. Concerning these figures Grenet says :—“ As we 
are only concerned with an approximate representation, the nnit selected 
is of no importance. Let it be considered as of the order of size of a centi¬ 
metre. In all the curves X indicates the hardness of the steel at maximum 
softness. 

“ In a carbon steel the hardness, which is at its maximum in the neigh¬ 
bourhood of the quenched surface, decreases rapidly until it reaches a degree 
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which, remains practically constant, and corresponds with that of the steel 
as annealed at 850°, and softened to its maximum. 

“In a nickel steel the hardness, which is at its maximum in the neigh¬ 
bourhood of the quenched surface, decreases fairly regularly until it reaches 
a degree which remains practically constant, and corresponds with that 
of the steel as annealed at 850°. The hardness of this steel, annealed at 
850° C., approaches more closely, however, to the maximum hardness of the 
quenched steel the higher the percentage of nickel present, and diverges 
more greatly from the hardness of the steel at its maximum softness (annealed 
at a little below the temperature of the heating transformation) the higher 
the percentage of nickel (see Figs. 158, 159, and 160). For a chromium steel 
the hardness decreases more and more slowly in proportion as the percentage 
of chromium increases, reaching ultimately the hardness of the annealed 
metal, which is that of the steel at its maximum softness (see Figs. 161 and 
162). 

BrineII Hardness number 



Fig. 163. —^Depth of quenching in a manganene Hteel containing 1’20 per cent, 
of Carbon. As explained, and in order to form a concrete example, the 
units plotted as abscissae represent 1 centimetre when the manganese per¬ 
centage is 1*50 per cent, and 10 oontimetres when this percentage roaches 
12 per cent. 

“The higher the percentage of chromium is raised the more im])ortant 
becomes the range within which the hardness is in the neighbourhood of its 
maximum. The fall in the hardness takes place ultimately fairly rapidly. 

“ The action of manganese is analogous to that of chromium, the transition 
from the range of softness to the range of hardness being more continuous. 
When the percentage of manganese is high enough, the areas near the quenched 
surface may become soft if the quenching suppresses the cooling trans¬ 
formation, and leaves the metal in the ' stable condition on heating.’ No 
experiments have been made on the penetration of the quenching effect 
on manganese steels, and the curve shown in Fig. 163 is given only to serve 
for placing on record the train of thought based on the facts known. 

“ The proportion of any given element is increased to the degree to which 
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it is desired to increase the penetrative action of quenching. Thus, to increase 
the action of quenching to greater depths nickel would be increased; to 
diminish the effect and confine it superficially the chromium would be raised, 
while, to render it more continuous in its effect, the manganese would be 
raised, or, better still, chromium-nickel steel would be employed.” 

In regard to the exact physico-chemical action of the alloy elements 
used in special steels, up to the present no really satisfactory theory has 
been put forward. This is not very surprising, in spite of the large amount 
of research work that has been published, when it is remembered that we do 
not know all the changes, and their theoretical explanations, which occur 
in the pure iron-carbon alloys. Attempts have been made to show the 
relation between the position of the elements in Newlands and Mendeleeff’s 
“ periodic tables,” and their effects upon the properties of iron and steel, 
but they have so far met with little or no real success. Osmond ^ arranged 
a number of the elements in the order of their atomic volumes, found by 
dividing their atomic weight by their specific gravity :— 


I. 


II. 


CarlKJn, . 

. 3-6 

Chromiutn, 

. 7-7 

Boron, , 

. 41 

Tungsten,. 

. .9-6 

Niokel, . 

. 6*7 

Silicon, . 

. 11-2 

MangauoHO, . 

. 

Arsenic, . 

. 13-2 

(Topper, . 

. 71 

Phosphorus, . 
Sulphur,. 

. 13-5 
. 13-7 


He considered that the elements in column L, whose atomic volumes 
are smaller than that of iron (7*2), delay the Ar 3 , Aig, and Ar^ transformations, 
whilst elements whose atomic volumes are greater than that of iron (column 
II.) tend to raise the temperature at which those changes occur. There can 
be no doubt that this arrangement is quite inadequate, because the action 
of the above elements cannot be arranged in two simple columns, and also 
because it does not take into account the fact that they may form new 
compounds with the carbon and the iron. Nevertheless, it is more than 
probable that the chemical and physical action of the various elements upon 
iron and steel is in some way governed by their atomic or molecular con¬ 
stitution, and, if this be so, we may reasonably hope that some useful theory 
or law similar to the periodic classification of the elements will ultimately 
be discovered. Before this can be satisfactorily accomplished, however, 
the various chemical compounds which the elements are capable of forming, 
both with the iron and carbon, must be carefully isolated. In this connection 
the very careful work of Professors Arnold and Bead on the determinations 
of the carbides which exist in annealed special steels cannot be too highly 
af>pre<‘iated. 

When we come to study a series of alloys containing more than two 
elements, the number of mixtures and experiments that are really required 
in order to obtain anything like a reliable idea of their properties are exceed¬ 
ingly numerous. In the case of steels, this fact is in many ways even more 
evident than in the majority of other alloys, because steel is so remarkably 
sensitive to comparatively slight variations or irregularities in its mechanical 
or heat treatment as well as in its composition. It is no doubt largely on 
* Journ. Iron and Steel Inst., 1890, part 1, p. 38. 
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nt of these difficulties that so far no single publication dealing with 
:j steels can be legitimately regarded as embracing a complete list 
5 physical and mechanical properties of the particular series with which 
lIs. Further, as much less work has been done relating to the true 
30-chemical constitution of such steels, any attempt to formulate 
itical explanations of their peculiar and particular properties must 
jarily be of a tentative nature. Hence, in reviewing the large number 
perimental facts contained in the various scientific journals, it is an 
nely difficult task to decide what should and what should not be 
Led in a book of this kind. This obvious difficulty is still further 
.sed because the investigators have frequently had widely difierent 
•ses in view, and have, therefore, conducted their researches along 
mt lines. 


Nickeblron Alloys and Nickel-Iron-Carbon Steels. 

1862 Sir Henry Bessemer ^ made some nickel steel ingots by melting 
lie nickel with wrought iron, but, owing to the presence of high sulphur 
)hospho 3 rus contents, the results he obtained were unsatisfactory. In 



Fig. 16L 


Mr. James Biley^ published some valuable data relating to the 
mical properties of nickel steel. There seems to be no doubt that the 
mportant application of nickel steel on a large scale was in the case of 
ir plates made by Messrs. Schneider & Co., Le Creusot, France. The 
d States Navy subsequently used this kind of steel for the same pur- 
It was found that nickel steel armour plates were much superior 
5 ordinary Harveyised steel plates containing no nickel, even when the 
f the former had not been subjected to the Harvey treatment, 
ofessor John Hopkinson, in 1889,® published the very interesting 
[lat a sample of steel containing 25 per cent, of nickel was non-magnetic 
linary temperatures, but became magnetic on being cooled to slightly 
0 ° C., and highly magnetic at a temperature of "■ 51° C. On returning 
ordinary temperature it remained magnetic, and only lost this property 
heated to 580° C. Hence this steel was capable of existing in two 
ml conditions in one range of temperature. The mechanical properties 
also found to be different, the magnetic sample possessing a higher 

^ Iron and Steel Inst., 1895, No. 2. 

* Journ, Iron and Steel Inst., 1889, No. 1, p. 45. 

3 Proc. Boy. Soc., Dec. 2, 1889, and Jan. 16, 1890. 
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C E Guillaume conducted an important investigation with a seiie 
of steels containing from 12 to 46 per cent, of nickel, and definitely e8tablishe( 
the fact that the temperatures of the transformation points are progressive!; 
lowered as the nickel is increased to about 2,6 per cent. \\ ith higher pei 
centages they are raised and the nature of the transformation is changed 
The transformations in steels containing less than 25 per cent, are irreversibk 
but reversible when the nickel content is above 2.6 per cent. Osmond 
examined a complete series of practically pure iron-nickel alloys, and detei 
mined the temperatures at which the magnetic changes occur both on heatin 
and on cooling. He embodied his results in the diagram (iig. 1(55). It i 
obvious from this diagram that as the nickel is raised from 0 to 2.5 per cent 
the transformation points are lowered and the irreversible range of tempers 
ture is materially widened. 


TABLE XXVIll. 


Chemical Composltloti. 


Carbon. 

Manganese. 

iJlckal. 

Per cent. 

Per cent. 

Per cent. 

0-09 

0*04 

2-48 

0-09 

0-04 

6-03 

0-09 

0'04 

. 7-54 

0*08 

0-04. 

10-06 

0-09 

0-04 

12-42 

0-08 

0-04 

15-09 

0-08 

0*04 

17-60 

0-09 I 

0'04 i 

19-96 

0-09 

0-04 

22-63 

0-10 

0-04 1 

25*15 


Braakln 

Reheated to 
Dull Cherry- 
red and Cooled 
in Band. 

.g I^ad. 

1 Hardenetl in 
W'auir at Oull 
Cherry.red 
Meat. 

1 Increait of 

i Breaking I#oad 

1 due lt» 

; Hartkning. 

Tons perwi. in. 

Tons per sq. In. 

Per cent. 

27-3 1 

37-9 

38 >8 

. .. 32*1 J 

67*5 

H 0 *r> 

38-1 ’ ' 

77-5 

103-3 

48-9 

76-5 

56-5 

69-7 

79*1 

13-5 

75-3 

80-0 

6-2 

75-6 

7B-0 

3-1 

' 73-3 

70-6 

4*5 

71-3 

73-5 

3*0 

65-0 

71-5 

10*0 


The tensile strength of what may be regarded as pure iron-niekel alio; 
which are given in Table XXVIIL, and plotted in fig. 166 » were published I 
the Fonderies, Forges et Acieries dc St. Etienne.^ One of the inoBt inte 
eating features about these figures is that they show that, even with ve. 
pure iron-nickel alloys which contain practically no carbon, their hardne 
can be substantially raised by (fuenching in water, 'fhey also show th 
the tensile strength of the annealed specimens is incrcMised as the nict 
is raised up to about 17-6 per cent., after which tlicre is a fall in that proper 
with additional nickel content. Professor Arnold ^ has also diderinined t 
mechanical properties of a remarkably pure series of nickel-iron alloys whi- 
are in substantial agreement wdth the above. Bir Robert Hadfiedd's cla8.Hit 

^'Comptes Rendus, Jan. 25, April 5, Juno IB, July 2lh IBOT. . ’ 

^ IhuLy vol. oxxviiL, p. 300. 

3 Pamphlet publwhod by S. Kirsoh, 0 rue do la Bourse, Haint Etionno, IB94. 

* hist, of Mech. Kngs.y 1914. 
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work ^ is probably the most complete published investigation of the genei 
properties of nickel-iron alloys, and should be carefully studied by tho 
interested in the subject. Some of these results are reproduced in Tal 
XXIX. and plotted in fig. 167. It will be observed that whilst Hadfielc 



steels contained about 0*18 per cent, of carbon, and about 0*8 per cei 
of manganese, the results he obtained are in such close agreemfet wi 
those in Table XXVIII. that for all practical purposes the very complete da 
which he has published may be accepted as representing the properties 
the pure bina'ry series. 

Professors Arnold and Eead ^ express the opinion that there is a defin: 
alloy of iron and nickel corresponding to the formula NiFe 7 . There is 
definite chemical evidence which supports this view, the chief evidence bei 
that there is a marked discontinuity in the mechanical properties of t 
alloys at or about 13 per cent, of nickel. This remarkable break is, howev 
readily accounted for by the effect of the nickel upon the temperature of t 

^ Inst, of Civil Engs., Proc., vol. cxxxviii., pp. 1-125. 

^ I7i8t. of Mech. Engs., 1914. 
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thermal critical points, in exactly the same way as the same effect is brough 
about in other alloy steels. 


Nickel-lron-Carbon Steels. 

Although no reliable data seems to have been published relating to th 
relative segregation of nickel-carbon steels and ordinary carbon steels, i 
appears to be generally admitted that the presence of nickel tends to neutralis 
this evil If this is indeed a fact, it is probably due to the nickel decreasin] 
the solidification range of temperature by the formation of new carbides 
Ib has been shown by Arnold,^ and also by G. B. Waterhouse,^ that th 
presence of nickel in steel facilitates the conversion of the carbon from th( 
combined into the graphitic state. Professors Arnold and Bead ® say 
** That as a ‘ black-steel forming ’ element nickel is, of all metals so fa- 
investigated, the greatest graphite precipitater.” It is probably owing t( 
this action that pure nickel-carbon steels are seldom used, especially if higl 
nickel or carbon percentages are required. Under these conditions th 
])resence of chromium or manganese is necessary to maintain the carboi 
in the combined state. The precipitation of graphitic carbon is apparentl] 
due to the decomposition of nickel carbide, Ni 3 C, which seems to be muct 
less stable, at a forging heat, than any other metallic carbide present ii 
special alloy steels. 

G. B. Waterhouse ^ has published an account of the mechanical propertiej 
of a series of steels in which the nickel remained practically constant a^ 
3*75 per cent., with the carbon varying from 04 to 1*83. 

The chemical analyses of these steels are given in Table XXX., and th< 
mechanical properties in Table XXXI. These results are particularly useful 
because the percentages of nickel closely correspond to what is generall] 
aimed at in most nickel steel forgings, etc. The chief difference lies in th< 
fact that the commercial steels invariably contain from 0*4 to 0*8 per cent 
of manganese, and sometimes from 0*5 to 1*5 per cent, of chromium. Th< 
effect of nickel is clearly illustrated in Table XXXII., where a comparisoi 
is made between two of the nickel steels and two carbon steels containing 
about the same amount of carbon. 

TABLE XXX. 


Mark of Stftel. 

K 

L 

M 

N 

P 

0 

Q 

E 

S 

T 

Total carbon. 

0-41 

0*61 

0*63 

0*79 

0*92 

0*97 

1*24 

1*64 

1*64 

1*82 

Nickel, 

3*79 

3*79 

3-76 

3*81 

3*79 

3*75 

3*81 

3*82 

3*82 

3*79 

Silicon, 

0*102 

0*103 

0*133 

0*129 

0*126 

0*095 

0*117 

0*144 

0*151 

0*133 

Manganese, . 

0*086 

0*054 

0*060 

0*061 

0*047 

0*068 

0*067 

0*054 

0*047 

0*051 

Sulphur, . 

0*013 

0*014 

0*014 

0*014 

0*014 

0*014 

0*015 

0*014 

0*015 

0*016 

Phosphorus, 

0*007 

0*008 

0*008 

0*008 

0*008 

0*008 

0*008 

0*007 

0*009 

0*009 

Aluminium,. 

0*01 

0*01 

0*009 

0*01 

0*009 

0*011 

0*009 

0*01 

0*01 

0*01 


^ Discussion on Hadfield's paper, p. 131. 
® Iron and Steel Inst., 1905, No. 2. 

* Inst, of Medt. Engs., 1914. 

^ Iron and Steel Inst. 
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TABLE XXXI.— Mechanical Pkopekties of Bars Heated at 1,000° C. 
FOR 25 Minutes and Cooled in Air. 


No. 

Ni. 

O.C. 

G.C. 

Elastic 

Limit. 

Ultimate 

Stress. 

Elongation 
on 2 inches. 

Contraction 
of Area. 





Tons per 
sq. inch. 

Tons per 
sq. inch. 

Per cent. 

Per cent. 

K 

3*79 

0*41 


21-67 

40-28 

26*0 

44-75 

L 

3*79 

0-51 


22*52 . 

44*24 

21-0 

39-05 

M 

3-76 

0-63 

• • 

25*01 

61-52 

16-6 

26-27 

N 

3*81 

0-79 

• • 

29*84 

60*56 

14-0 

21-27 

P 

3*79 

0-92 

• • 

36*04 

69-42 

8*0 

14-08 

0 

3*75 

0*97 

• • 

35*76 

70-01 

7-5 

8-39 

Q 

3-81 

1-24 


45*44 

76-31 

3*5 

3-20 

E 

3-82 

1*21 

0*31 

29*26 

65-01 

10-5 

13-9 

S 

3*82 

0*93 

0-71 

30*18 

46-84 

14-5 1 

20-96 

T 

3*79 

0*91 

0-91 

29-66 

68-76 

12-0 

j 

13-92 


TABLE XXXII.— Comparison with Carbon Steels. 


Carbon. 

Nickel. 

Elastic 

Limit. 

Ultimate 

Stress. 

Elastic 

Ratio. 

Elongation 
on 2 inches. 

Contraction 
of Area. 



Tons per 
square inch. 

Tons. 


Per cent. 

Per cent. 

0-38 

• • 

17*95 

29-94 

60-2 

34-5 

66*3 

0-41 

3*79 

21-69 

40-28 

63-7 

260 

44-7 

1*20 


35-72 

61-65 

67-8 

8-0 

, 7-8 

1*24 

3-81 

45-44 

76-31 

60*3 

3*6 

3-6 


Prom liis pyrometric investigations Waterhouse concludes that 3*75 per 
cent, of nickel lowers the temperature of the carbide change to 610° C., 
and that this change is practicaUy unaffected by the carbon content. 

In the pamphlet pubhshed by the “ Ponderies, Forges et Acieries de St. 
Etienne,” the tensile strengths of two interesting series of nickel-carbon 
steels, which are reproduced in Table XXXIII. In both series the rolled bars 
were heated to a dull cherry red, and allowed to cool slowly in sand. In 
the steels containing 15 per cent, of nickel it will be noticed that, as the 
carbon is raised from 0*06 to 0*27 per cent,, the ultimate stress is increased 
from 73-0 to 95*4 tons per square inch, but further increase in the carbon 
content brings about a progressive lowering of the tensile properties. With 
25 per cent, of nickel the breaking load rapidly decreases as the carbon is 
raised from 0*05 to 0*26 per cent., and then remains almost, constant as 
the carbon is raised to 0*83 per cent. Whilst no figures are given to indicate 
how much of the carbon is in the combined and how much in the graphitic 
condition, there can be no doubt that the action of the carbon is to lower 
the temperature of the transformation points. In discussing these figures, 
Osmond ^ said :—“ When the transformations take place at temperatures 
higher than 400° C., they are almost completed and their effect was feeble. 

' Discussion on Amoid’e paper (loc. cit). 
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When the transformations take place at temperatures lower than 400® 
they are more incomplete, and the steels are then hardened whatever i 
method of cooling. Lastly, steels which are not transformed at ordina 
temperatures possessed a characteristic combination of strength a 
plasticity/’ 


TABLE XXXm. 


Nickel Constant = 16 per cent. 

Nickel Constant = 25 per cent. 

Carbon. 

Manganese. 

Tensile 

Strength. 

Carbon. 

Manganese. 

Tensile 

Strength. 

Per cent. 

Per cent. 

Tons per 
square inch. 

Per cent. 

Per cent. 

Tons per 
square inch 

0-06 

0*02 

73 0 

005 


66-2 

0-12 

0*04 

86-0 

012 

0-02 

65*9 

0-19 

0*06 

93-3 

018 

0-03 

49-8 

0-27 

0*03 

95*4 

0-26 

0-04 

41-8 

0*38 

0-03 

90-8 

0-34 

0-04 

42*7 

0*50 

0-05 

86-6 

0-43 

0-05 

45-3 

0*58 

0-06 

78-4 

0-52 

0-06 

48-1 

0-64 

0-06 

54-5 

0-61 

0-06 

46-0 

0-76 

005 

50-5 

0-72 

0-06 

45-6 

0-86 

0*05 

45-8 

0-83 

0-07 

43 0 


Hence, with 15 per cent, of nickel increasing the carbon to 0-27 per ce: 
simply lowers the temperature of the inversion to that at which it has i 
greatest effect upon the hardening of the mass, whereas any further increj 
of carbon lowers it to such an extent that there is less and less internal worki 
of the steel. Or, in other words, when the transformation has been complete 
lowered to or below the ordinary temperature by sufficient nickel or nid 
plus carbon, the steel is in an unstressed or unworked condition. T 
corresponds to what is generally called y-iron— i,e., the material is in a sta' 
austenitic state, and shows under the microscope the well-known polyhed 
crystal grains (see fig. 168). In this condition nickel steels are soft. Wt 
there is not so much nickel the steel becomes internally strained, or, 
L'. Dumas ^ says, there arises a '' working effect,” which evinces itself b] 
progressive increase in the elastic limit and ultimate stress. The extent 
this internal working, which is indicated by the martensitic markings, depei 
upon the amount of nickel, etc., present, the maximum efiort being evid< 
with about 14*0 per cent, when no carbon is present. 

In a noteworthy paper dealing with the “ Steel used for Motor-Car C< 
struction in France,” Dr. Guillet ^ draws attention to many important ap; 
cations of nickel steel, and he published these in such a condensed fc 
that they are introduced here in detail:— 

It may be necessary for me to revert briefly to the investigations wh 
I have made on nickel steels, and which have been from time to time p 

^ Journ. Iron and Steel Inst. 1904. 

2 Journ. Iron and Steel Inst., 1906, No. 1. 
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lisked elsewhere.^ I have shown that, from the point of view of their micro¬ 
structure, nickel steels can be divided into three well-defined classes— 
pearlitic steels, martensitic steels, and 7 steels ; that there is an intimate 
relation between the constitution and the mechanical properties of a steel, 
and that, finally, the determination of the transformation of one group 
into another depends essentially on the sum of C + Ni. Combining all my 
results, I have been able to form an exceedingly simple diagram. The per¬ 
centage of carbon being indicated on the axis x, and that of nickel on the 
axis y, three zones can be distinguished, corresponding to the three con¬ 
stituents, and, further, to the zones of transformation. 



Fig. 168.—Austenite {Caryenier). X 1,000. 


It may be recalled that martensite is characteristic of a steel having 
been quenched at a suitable temperature. If we take a steel with 0-12 per 
cent, of carbon and 7 per cent, of nickel, it will be found to be pearlitic. Let 
it undergo cementation, so that the exterior may contain 0*90 to 1*0 per 
cent. ; we shall then have the exterior consisting of martensite, and, con¬ 
sequently, having the same structure as a quenched case-hardened steel. 
To summarise: starting with a steel containing 7 per cent, of nickel 
alone, to obtain the same results as by case-hardening followed by 
quenching. We will not dwell on the importance of this process which, 
both in France and elsewhere, is carried out under the licence of the Dion- 
Bouton Company. 

By observing the necessary precautions, and, in particular, by annealing 
the steel on its arrival from the mill to destroy hammer hardening, and 

1 Bulletin de la SociiU d* encouragement pour VIndustrie Nationale, and Les Aciera 
JSp4ciauXf Paris : Vve. Dunod. 
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by taking care to allow the cemented pieces, to cool as slowly as possible, 
it becomes possible to avoid all the worries which accompany quenching, 
and consequently all the operations which should follow it— i.e.j straightening 
and readjusting. 

“ It must be further noted that this steel (carbon, 0 * 12 ; nickel, 7-0 per 
cent.) possesses certain very interesting mechanical properties in the annealed 
state, and that these properties are not changed on case-hardening. Its 
mechanical properties are :— 

Tensile strength, . . . . . 35 to 38 tons. 

Elastic limit,.25| to 28| tons. 

Elongation, . . . . , . 30 to 25 per cent. 

“ The motor-car parts which are most usually case-hardened are axles, 
particularly for single-cylinder cars, and crank-shafts, in regard to which 
the serious deformations which occur render it desirable to avoid the opera¬ 
tions of case-hardening and (luenching; the gearing, or at least such of it 
as is BubjectcHi to much work, and, generally speaking, all parts that have 
to undergo friction, and are not liable to any risk of shock. 


'' B. ^(eeh with Loio Nickel (1 to 6 per eejU.)^ and Medium Carbon 
(0-25 to 04 yer cent,). 

“ These steels are employed chiefly for shafts, forgings, axle journals, and 
axles, bearings, and various sections. The principal types are - 

“ 1. C^arbon, 0*3 to 04 per cent.; nickel, 1 to 2 per cent. This is prac¬ 
tically the ordinary type of ordnance material as used in France. It gives— 

Tensile strength, .... 31*75 to 38 tons. 

Elastic limit,.20 to 24 tons. 

Elongation,.27 to 20 per cent. 

Quenched at 800® C. and annealed at 500® C., it gives— 

Tensile strength, .... 44*5 to 57 tons. 

Elastic limit,.35 to 47 tons. 

Elongation,.16 to 12 per cent. 

2. Carbon, 0*20 to 0*26 per cent.; nickel, 3-25 to 3*50 per cent. This 
steel is used specially for journals. It gives— 

Tensile strength,.35 to 41 tons. 

Elastic limit,.21| to 25| tons. 

Elongation, . . . . . . 25 to 20 per cent. 

'' Quenched at 800® C. and annealed at 500® C., it gives— 

Tensile strength, . . . . . 54 to 66 tons. 

Elastic limit,.42 to 54| tons. 

Elongation, . . . . 11 to 14 per cent. 
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“ 3. Carbon, 0-20 per cent.; nickel, 5 to 6 per cent. This steel is med, 
more particularly, for axles and axle boxes, and, after annealing at 9CK)“ Cl 
and slow cooling, gives— 

Tensile strength, . . . . .38 to 441 tons. 

Elastic limit, .... 23 to 261 tons. 

Elongation, . . . . • . 25 to 20 |H*r cent. 

The properties of this steel undergo considerable modification on 
-quenching. Quenched in water from a temperature of 850^' Cl, it gives— 

Tensile strength, . . . . . 70 to 85 tons. 

Elastic limit, . . . • . 60 to 7C) tons. 

Elongation,. 6 to 10 per c-ent. 

All the nickel steels of which mention has been made are pcarlitir nteels 
—^that is to say, they have the same structure as ortlinary c’arbon 
and, according to all the investigations made, it would mmn tlmt t!ie inm 
was in a state of solution in the nickel. The advantages which these Hteck 
present over ordinary nickel steels are as followsHomogeneity ; higher 
tensile strength and elastic limit, which is higher than that of an cjniinfiry 
carbon steel, the higher the percentage of nickel present; an elongiitum 
which is uniformly high ; very high resistance to shock (144 to 32fi !<Hit 
pounds on annealed notched bars), and a considerable incTeiise in tensile 
strength on quenching in water. 


C. Steels with a Medium Percentage of Nickel 
(10 to 18 per cent.). 

These steels have a medium percentage of carbon (0-20 to 0-W) per cent,). 

“ I have shown that all these steels are martensitic—that is to say, that 
they are very hard to work, very difficult to forge, etc. There are, thiTc- 
fore, strong objections to their employment, and they have consef|Ut*nt!y 
been almost entirely superseded. 

“ It may, however, be stated that an important French works Htil! com 
tinues the manufacture of a nickel steel containing 16 to 18 per cent, of 
nickel. This steel gives— 

Tensile strength, . • • • . 63| to 64| tons. 

Elastic limit,.581 to 60 terns. 

Elongation, . . . . . . 6 to 8 per <!ent. 

Nickel steels containing over 15 per cent, of nickel iukI ov(*r i)*25 pr 
cent, of carbon soften slightly on prolonged annealing in the vicinity of 
700° C., and can have their hardness restored on quenching in air, in the 
vicinity of 800° C. 

“ To sum up, these steels are all sub-martensitic, and present such diffi- 
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culties to utilisation and working that, practically, their use has been 
abandoned. 


‘‘ D. Steels with a High Percentage of Nickel (32 to 36 per cent,) and Q 
Low Percentage of Carbon (0*12 to 0*20 per cent,). 

These products have found, in the motor-car industry, an important 
application in the making of valves. They contain at least 32 per cent, 
of nickel; with a lower percentage they would be susceptible of undergoing 
the most injurious transformations, of which I shall have occasion to refer 
to later. 

“ These high nickel steels are steels containing y iron ; their characteristics 
are the possession of a low elastic limit, high elongation, and a highly remark¬ 
able degree of resistance to shock. In addition to this they are untarnishable* 

“ These steels give— 

Tensile strength,.38 to 44| tons. 

Elastic limit,.19 to 25| tons. 

Elongation,.40 to 30 per cent. 

“ Shock tests on notched bars gave 325 to 361 foot-pounds. Quenching 
perceptibly softens them, as it also does, by the way, all steels containing 
y iron. ()n quenching they give— 

Tensile strength,.33 to 38 tons. 

Elastic limit,.14 to 19 tons. 

Elongation, . . , . . . 50 to 40 per cent. 

'‘It may not be inopportune to recall the fact that these steels were made 
the subject of a highly important study by Guillaume* This scientist showed,' 
in particular, that the steel containing 36 per cent, of nickel possessed an 
exceedingly small coefficient of dilatation between the temperature of 0® C. 
and 350" 0. 


" E. Steels with High Percentages of Nickel (25 to 30 per cent.) and 
High Percentages of Carbon (0*60 to 0*80 per cent.), 

" These steels have, for some time past, been used for crank-shafts, valves, 
etc. They possess, however, certain serious disadvantages which I will 
here indicate. It may be stated, to begin with, that they are y steels, and 
accordingly possess low elastic limits. Further, these steels undergo, in the 
process of working (hammer hardening), annealing, quenching, etc.—con¬ 
ditions some of which very frequently occur in practice, particularly in 
making valves which require to be subjected to certain temperatures— 
well-marked intermolecular transformations; the y iron is transformed 
into martensite. 

“ I will instance some examples from the point of view of the alterations, 
they undergo in their mechanical properties.” 
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TABLE XXAIV.— Steel with 0*80 per cent, of Caeiion and 25 pee 
CENT. OF Nickel (Gxiilki)* 



Taaiild 

8tre«|:Ui. 

Elastic 

LimIL 

Elongitlon. 

Shock 

IVtti. 


Tons. 

Ttm-i. 

P«r ctnt. 

Kirni. 

Annealed for 10 minutes at 900° C., 

45i 

241 

30| 

33 

35 

Annealed 1 hour at 900^' C., . 

54 

10 

12 

Annealed 4 hours at 900° C-, , 

5Si 

Mi 

6 

H 

Hammered and annealed for 10 
minutes at 900° C., . 

mi 

28 

‘ 11*5 

I 

10 

CJooled to — 1S0° and reheated to 

20 ° a,. 

i 

61 

1 

-►* ‘ 

1 

0 

8 


Guillet also mentions another case which is of particular interest, in «o 
much as it clearly manifests the conibined action of nickel and ciirbon in 
a most striking and useful manner. A steel containing 0-12 per icnt. of 
carbon and 7 per cent, of nickel, as slowly cooled, contains its carbon in the 
pearlitic form. If this steel is subjected to the cementation prc»re«s until 
the outside surface contains about 0*0 |>er cent, of carbon, followed by slow 
cooling, the surface will be in the martensitic state, and will con«ec|uently 
be hard. Thus, simply by carburising a steel of this com|Kmit ion, it h possible 
to obtain the same results as the, carburising and quenching, mm4mnlmmg 
of ordinary carbon steels. Hence, as (luillet says, ** it becomes imssible to 
avoid all the worries which accouipany quenching, and roii«er|ucntJy all 
the operations which should follow it—i.s., straightening and readjusting.*' 
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M«rk. 

924 N 

922 N 

923 N 
921 N 

081 N 

920 N 
966 N 

964 N 
719 N 


TABLE XXXVF.- Tfnsioe Tests. 


Analysir. 

Klaitie 

Limit. 

Maximum 

Htresi. 

EiaiiRa* 
tion per 
cent. «m 
2 Indies. 

C per 
cent. 

W per 
rent. 

T«m« par 
i(j[. inrh. 

Tons |H»r 
sq. Inch. 


0'144 

3*25 

24*44 

34*27 

28*5 

0'218 

3-24 

i 

25*27 ^ 

33*19 

27*5 

0-27 

2*92 

2 IM ) 

39*3 

24*1 

0-48 

3*11 

41*54 

53*75 

16*0 

0*53 

3*18 

45*08 

55*82 

16*0 

0-57 

3*17 

1 44*56 

57*76 

14*5 

0-89 

3 08 

48*87 

62*00 

13*5 

1*07 

3*09 

1 40*37 

50*82 

15*5 

1*24 

3*02 

40*1 

: 50*0 

9*5 ; 


Retliir* 
titiii «»f 

Area. 

Eemirks wi Frauture. 

Per rrnt. 


02*8 

Hull grc»y granular, ctip 
ami mmtt with cltictp 
wiky 

61*0 

Vury piinilar to 024 N. 

mi*H 

Hhnilar lu furrgoing. 

45*5 

Hi ill graimkr with wlky 

IMlgt*. 

47*9 

Eathw lighftr, but «tiU 
granular. 

44*2 

As'imi N. 

29*5 

i Kxtrtunrly fhu4y c*ry»- 
tollinr. Flatter, hut 
null trace# of tilky 

IxIgM. 

2h*2 

Viiry finely orysUlliiit^ 
Flat 

10‘t 

Very finely cryitallm#* 
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CHAPTEE XVII. 

TUNGSTEN CARBON-STEELS. 

The metal tungnten is used as a special element in steels for permanent 
magnets, cold chisels, the old self-hardening Mushet tool steel, and the 
modem types of high-speed cutting tools. 

Valuable information relating to the physical and mechanical properties, 
and the cjhemical and structural constitxition of these steels, has been pub- 
iislied by Sir Robert Hadfield,^ Mr. Osmond,^ Dr. (ituillet,^ Otto Bolder,^ Dr. 
Swinden,® .Professors Arnold and Read,® and others. Indirect evidence has 
also been supplied by Professor Carpenter ^ and the author.® 

Tiie data shown in Tables XXXV. and XXXVI. are taken from lladfield’s 
and Swindon’s papers respectively. From Table XXXV. it will be observed 
that' t he elastic limit and tensile strength are comparatively low in all cases, 
and, as ifadtield says, the a(‘tion of tungsten in this respect differs con- 
Buierably from that of nic^kel, chromium, and manganese. The best all- 
rountl mechanical results appear to Ixi obtained with 3*5 })er cent, of tungsten. 

The results obtained by Swindon from a scries containing approximately 
3*0 per cent, of tungsten with varying carbon content very clearly show the 
toughening elTect of tungsten, particularly as the carbon increases. Com¬ 
pared with iron-carbon stoels, the tenacity has been considerably raised, 
with only slight lowering of the ductility. The specimen with 0-89 per cent, 
of carbon gives remarkably good results, but with higher carbon content 
the mechanical properties are not so good. 

Th(^ <‘ompoHition of st-eel which seems to be most generally preferred 
for pi^rmanent magnets is (‘arl)()n about 0*6 per cent, and tungsten from 
r> to r> })C‘r (‘ent. A<‘(*ording to Dr. Swindon’s ^ experiments upon the magnetic 
properties of tungsten steels, it would seem tliat the best results are obtained 
by (pieiK-hing from about 9()(^® C. This temperature is necessary, he says, 
in order to get tlie carbon into solution. Judging from the excellent dis¬ 
cussion whicdi took [)lace on the above-mentioned paper, there does not 
appear to be any definite idea as to what is the real cause of the peculiar 
properties of permanent magnets. There is, however, no doubt that this 
property is materially influenced by the size of crystals contained in the mass, 

^ Alloys of Iron and Tungsten," J<nirn. Iron and Stsd 1903, No. 2. 

Iron and J^ted InsLy 1890, No. 1. 

^ Rmme de Metallurgief 1904, p. 203. 

^ Wolf)am nnd Rapid Siahlf 1903. 

^ “ ('arbon“Tungsten Steels," Joum. Iron and Steel Inst., 1907, No. 1; and “ Tho 
Cbnstitution of Carbon-Tungsten steels," Joum. Iron and Steel Inst., 1909, No. 2. 

« Rroc. Inst 3fech, Engs., 1914. 

^ Joum. Irmi and Steel Inst, 1905, No. 1. 

« Ibid., 1908, No. 2. 

® ** Magnetic Properties of Tungsten-Carbon Steels," Proc- Inst. Elec. Engs., 1909, 
part 195, vol. xlii. . 
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being better the finer the grain. Hence mechanical work is generally admitted 
to have a beneficial efiect. In regard to the action of quenching, Arnold 
observes that “ in iron containing 0*1 to 0-0 per cent, of carbon the 
permanent magnetism is directly proportional to the sub-carbide of iron 
present.’’ In other words, hardenite alone holds permanent magnetism. It 
may, therefore, be found that the permanent magnetism of quenched steels 
is in some way connected with the internal working of the steel which is 
produced in the quenching operation. 


Constitution of Tungsten Steel. 

Osmond found in his early work that if annealed tungsten-carbon steels 
be heated to' a temperature not exceeding about 900° C., the position of the 
carbide change point is not sensibly altered. It occurs at practically the same 
temperature as when pure carbon steels are cooled. This observation has 
been amply confirmed by all subsequent workers, and it may be noted that, 
even in the presence of 19*28 per cent, of tungsten and 0*63 per cent, of 
carbon, the temperature of the carbide change is still 700° C. 

In the absence of any direct chemical or microscopical evidence to the 
contrary, this fact naturally led investigators to suppose that, even in the 
presence of such high percentages of tungsten, the carbon still remained 
in combination with the iron as FegC, and gave rise to the same inversion. 
There is, however, now no doubt that this view is incorrect. Another inter¬ 
esting fact which was first brought forward by the above worker, is that 
the Ax^ and Arg points are practically uninfluenced by the tungsten contained 
in the steel. These changes take place at the same temperature in tungsten 
steels, as they do in carbon steels of the same carbon content, providing 
the initial temperature from which the former are cooled does not exceed 
about 1,040° C. But this treatment— i.e,, heating to 1,040° C.—produces 
a very sharp lowering of the carbide point in steels containing tungsten. 

He also showed that, when the specimens were heated to 1,300° C., the 
Arg and Arg points are lowered in turn, and tend to meet the lowered carbide 
change, and, under certain conditions, the normal carbide change could be 
split— i.e., part occurring at, say, 700° C. and part at the lower temperature. 

The temperature of this low change appears to be directly related to the 
percentage of tungsten. With 3*0 per cent, of, tungsten Swinden has fixed 
the low point at 570° C., and has indicated that with increasing carbon the 
initial temperature must be raised in order to lower the temperature of the 
normal carbide change. Though not experimenting under the same con¬ 
ditions, it would appear from the author’s work that with about 18 per cent, 
of tungsten the temperature of the low change point is at 380° C. It is, 
therefore, evident from the above facts that the action of tungsten in many 
ways diflers strikingly from most other elements in special steels. Far more 
complications are met with in the steels under consideration, and these make 
it much less easy to ofler a trustworthy theory of the function of tungsten. 
Nevertheless, the careful separation of the chemical compounds existing 
in tungsten steels which has recently been eflected by Professors Arnold and 
Read enable us to approach this difficult problem with much more confidence 
than was previously possible. They have shown that when the ratio of 
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carbon to tungsten is 1:15*3 the whole of the carbon is in combination 
with the tungsten as WC. If the carbon is greater than this ratio mixtures 
of the two carbides, Ee^O and WC, are present, and if the tungsten is in excess 
there is no car!)ide of iron, but a mixture of carbide of tungsten, WC, and a 
tungstide of iron, Fe^W". 

At this stage it should also be noted that Swinden obtained evidence 
which (certainly indicates that a compound having the empirical formula 
Fe^W separates from liquid tungsten-iron alloys which contain high per- 


Fb 



1. 


+ Fo,G + FcgW. 

II. ~ 

- f(*rrito 

■h WC -h FtqW. 

HI. 

Fc,0 H 

WC H- Fo^W. 

IV. 

WC q. 

Fo,W + 7 


V. 


Fig. 169. 

centages of tungsten. In view of Arnold and Read’s work, it would seem 
that this compound does not exist in annealed tungsten steels, it is probably 
broken up at a temperature below the solidus into Fe 2 W and Fe. Be that 
as it may, we arc now able to predict the condition of the carbon and tungsten 
contained in any annealed steel belonging to this class when the chemical 
comjiosition is known. 

The diagram (fig. 169), which is based upon the above chemical evidence, 
represents the various areas of composition in which the carbides of iron 
and tungsten and the tungstide of iron and free iron exist, for all alloys 
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which, may be regarded as coming under the heading of steels. This alone 
is a substantial step towards a better understanding of the eifect of tungsten 
upon the critical points occurring in these steels. 

It has already been pointed out that tungsten alone has no infiucmce 
upon the Arjj, Ar 2 , nor the carbide change providing a temperature of about 
950° C. is not exceeded. This is true, even when as much as IlLO per cent, 
of that element is present. Since with this (|uantity of tungsten ami only 
0-63 per cent, of carbon present no carbide of iron can exist, it is ohvituis 
that the carbide cliange at about 700° 0. must Ik^ attributive! to the <leposition 
of tungsten carbide \V(-, and not to <‘arbi<le of iron. It may at first sight 
seem rather remarkable that the carbide \V(^ shouhl be dep(wiOHl at prac¬ 
tically the same temperature as Fe^C, but this is not so strange when it is 
remembered that the empirical formuhe for the twi) compounds indicate 
that they have very similar molecular weights Fe;|(! 170*2 and 

= 196*0. lienee, considered frotn a purely physict) chemical s! and point, 
the observed effect of tungsten carbide upon the critical p(unts of iron *wlicn 
cooled from temperatures not exceeding (!. is precisely what might 

have been anticipated. For example, if there is any conniHiiou between the 
known physical law relating to the mc^lecular lowering effV.ig <d' salts tipon 
the freezing points of Ii(|ui(lH, and the effect of elementH upon the trans¬ 
formations in metallic alloys, then compounds such as Fc^' amd \Xi\ possess¬ 
ing almost the same molecular weights, will produce similar physita* 4‘hemii'al 
effects. Naturally, great care must lav exercised in considering a view of this 
kind, because so much depends upon the solubility of the (‘ompound in the 
constituents or phases wiiich are formed at the lower temperature, but 
in the case of iron-carbon and iron-carbomtungsttm hIih^Ih the nolubility 
of their r(‘sp(‘ctive carbides appears to he almost iu‘gligibh‘. It is alstt int<*r' 
esting to note that th(v (‘.xpiU’inHuitul work which has beam done indi«*atcH 
that tiingst(m has little, if any, influence upon 11 h^ carbon coniemt id the 
eutcctoitl steel. 

As regards tin*. lowering of the carbide chuuu<\ which is proiluced by 
heating tungsten steels al)ove 1,(K)U * (!., and which is lluv real <*hu.hc id tluv 
self-hardening properties of these alloys, it must be admitttal tliat tliere is 
no direct evidence to show exactly what hapfjens at those higli tfUupcraturt‘H. 
There is every reason to believe that when the timgstiiltv Fe^W in pr<».scnt, 
it progressively goes into solution as the temptu’ature is raised abovi* Sfni C‘. 
The temperature at which tliis is completely effe<-tcd di^pends upon the 
amount cd compound present biung higher as th<v tungHtidi‘ is iniTeuHed. 
When in solution tiie temperature of the carhuhv change* is Iow{*n*d on iaailiici, 
but it is perhaps an open (juestion whcdluT this lowering is purely due to the 
FcgW in solution or whether some (diemieal change also oc'curs. At tempera¬ 
tures above 1,000° C. there may he a chemical rea<‘tion between the inm 
and tungsten carbide which gives rise to a new (‘(impound resulting in the 
disappearance of the critical point at 700° C., and tin*. iip|Hmranc(i of another 
point at lower temperaturevs. In support of this, a steel containing 1*07 per 
cent, of carbon and 3*09 per cent, of tungsten, in whicli there should be no 
free tungstide of iron gives the same lowering of the carbide change aftiT 
heating to high temperatures. 
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wliich may be regarded as coming under the heading of steels. This alone^ 
is a substantial step towards a better understanding of the eliect of tungsten 
upon the critical points occurring in these steels. 

It has already been pointed out that tungsten alone has no influence 
upon the Ar^, Arg, nor the carbide change providing a temperature of about 
950° C. is not exceeded. This is true, even when as much as 19*0 per cent, 
of that element is present. Since with this quantity of tungsten and only 
0*63 per cent, of carbon present no carbide of iron can exist, it is quite obvious 
that the carbide change at about 700° C. must be attributed to the deposition 
of tungsten carbide WC, and not to carbide of iron. It may at first sight 
seem rather remarkable that the carbide WC should bo deposited at prac¬ 
tically the same temperature as Fe 3 C, but this is not so strange when it is 
remembered that the empirical formulae for the two compounds indicate 
that they have very similar molecular weights—-viz., Fe-jC = 179-2 and 
WC = 196*0. Hence, considered from a purely physico-chemical standpoint, 
the observed eflect of tungsten carbide upon the crit,i(*.al points of iron—when 
cooled from temperatures not exceeding 1,000° G.—is precivsely wliat might 
have been anticipated. For example, if there is any conno(‘tion between the 
known physical law relating to the molecular lowering elTecb of salts upon 
the freezing points of liquids, and the eflect of elements u])on the trans¬ 
formations in metallic alloys, then compounds such as Fe^C and WC, possess¬ 
ing almost the same molecular weights, will produce similar physico-chemi(*al 
effects. Naturally, great care must be exercised in considering a view of this 
kind, because so much depends upon the solubility of the compound in the 
constituents or phases which are formed at the lower temperature, hut 
in the case of iron-carbon and iron-carbon-tungsten steels the solubility 
of their respective carbides appears to be almost negligible. It is also inter¬ 
esting to note that the experimental work which has been donc^ indicates 
that tungsten has little, if any, influence upon the carbon content of the 
eutectoid steel. 

As regards the lowering of the carbide change, which ivS ])ro(liiced by 
heating tungsten steels above 1,000° C., and which is the real (;ausc of the 
self-hardening properties of these alloys, it must bo admitted that there is 
no direct evidence to show exactly what happens at those high temperatures. 
There is every reason to believe that when the tungstide Fe 2 W is present, 
it progressively goes into solution as the temperature is raised above H(H)' C. 
The temperature at which this is completely effected depends upon the 
amount of compound present being higher as the tungstide is increased. 
When in solution the temperature of the carbide change is lowered on cooliteg, 
but it is perhaps an open question whether this lowering is purely due to the 
FcgW in solution or whether some chemical change also occurs. At tempera¬ 
tures above 1,000° C. there may be a chemical reaction between the iron 
and tungsten carbide which gives rise to a new compound resulting in the 
disappearance of the critical point at 700° C., and the appearance of another 
point at lower temperatures. In support of this, a steel containing 1*()7 per 
cent, of carbon and 3-09 per cent, of tungsten, in which there should be no 
free tungstide of iron gives the same lowering of the carbide change after 
heating to high temperatures. 
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CHAPTER XVlII. 

HIGH-SPEED TOOL STEELS. 

As an introduction to the development and use of high-speed tool steel, the 
following quotation from a paper by Mr. J. M. Gledhill ^ may be given. He 
says“ It would doubtless have been felt by many but a few years ago 
that there was little left to be said on the subject of crucible tool steel, and 
that something akin to finality had been arrived at in its manufacture and 
general treatment. Probably such feeling was justifiable, when it is remem¬ 
bered that the making of steel in crucibles is by far the oldest method known, 
dating back from time immemorial, it being indeed impossible accurately 
to trace its origin and earliest development, but it seems certain that carbon 
steel was made and used thousands of years ago for cutting tools. Proof 
of this may bo seen by the marvellous carvings and workings on the intensely 
hard stone work of the ancients, for it would be difficult to conceive by what 
means, other than with steel tools, such work could have been executed, 
and it is wonderful that steel-cutting tools should have been used so long 
ago. Archaeologiats have discovered that the Chinese made steel in crucibles 
long before the Christian era. ‘ Wootz ’ steel, fabricated in India centuries 
ago, was crucible steel, as also was the celcbi’ated Damascus steel, produced 
at the forges of Toledo, and curiously enough this latter steel furnishes yet 
another proof that ‘there is nothing new under the sun,' for it has been 
recorded that Damascus steel contained certain percentages of tungsten, 
nickel, manganese, etc., some of the very elements, in fact, contained in the 
present modern high-speed steels, so that a latent high-speed steel may be 
said to have existed centuries ago, and all that was necessary to bring out 
its inherent powers would have been the heating of it in a ‘ paradoxical' 
manner, so to speak-—that is, to such a high temperature as was long thought 
would impair or destroy the nature of such steel.'' 

The era of ordinary carbon steel for cutting purposes is generally con¬ 
sidered to extend up to some time between 1860 and 1870, when Robert 
Mushet succeeded in making tungsten steel. He discovered that, with 
fairly large percentages of tungsten, along with more manganese than had 
been previously used, and carbon in tool steel, conferred on the material 
the pec.uliar property of being nearly as hard after it was slowly cooled in 
air from 1,(K)0'' 0. as carbon steels were after they had been water-cpienched. 
For this reason, Mushet steel became known as '' self-hardening ” or air¬ 
hardening ” steel. Moreover, in addition to this self-hardening ” property, 
he also found that tools made from tungsten steel also had the power of 
cutting at much higher speeds and would work for a longer time than carbon 
steels. 

For some considerable time Mushet steel was regarded by engineers as 


* Iron and Steel InsL, 1904, No. 2. 
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a kind of metallurgical curiosity, and was not very widely used until about- 
1890, wlien it became recognised that its superior cutting powers more than 
compensated for the extra cost. Mushet steel did not hold the premier 
position as a tool steel for very long, because an even more remarkable 
advance was made in America by Messrs. Taylor and White, who developed 
what became known as high-speed cutting steel. Their first invention con¬ 
sisted in increasing the percentage of tungsten and introducing about 4-0 per 
cent, of chromium into the steel, and at the Paris Exhibition (1900) they gave- 
pubhc demonstrations of what were then considered to be astonishing results 
in the cutting speeds of tools. Since then the same investigators have made 
further improvements in the composition of this kind of steel, and an even 
greater advance in their heat treatment. They found that the cutting 
efficiency of all self-hardening steels is very substantially raised when they 
are hardened by heating the nose or cutting end of the tool to very near its 
melting point— i.e., about 1,300° C. The compositions and relative cutting 
values of four kinds of steels, which are typical of the four different eras 
through which we have passed, are given in the following table, which has 
been taken from Mr. F. W. Taylor’s paper.^:— 


TABLE XXXVII. 


Make of Steel. 

Carbon. 

Silicon. 

Man¬ 

ganese 

Tttngatei'i. 

Chro- 
‘ xnium 

Van¬ 

adium. 

Speed per 
Minute 
Cutting 
Medium 
Steel. 


Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Per cent. 

Feet. 

Jessop, 

1047 

0-206 

0-189 

.. 

0-207 


16 

Mushet self-. 








hardening. 

2-15 

1-044 

1-578 

5-441 

0-398 


26 

Original Taylor- 








White, 

185 

0-15 

0-30 

8-00 

3-80' 


58-61 

Best modem high¬ 








speed (1906), 

0-67 

0-043 

0-11 

18-91 

5-47 

0-29 

100 


Mr. Taylor’s valuable paper contains a store of useful information obtained 
from experiments that extended over a period of 25 years, and should be 
carefully studied by those interested in this subject. On p. 190 he says :— 
“ Our experiments resulted in the following important discoveries :—(a) 
That, comparing the self-hardening steel with carbon steel, a gain in speed 
of 4:1 per cent, to 47 per cent, could be made in cutting a hard forging of about 
the quality of tyre steel, whereas a gain of nearly 90 per cent, could be made 
in cutting the softer qualities of metal; and {h) that by using a heavy stream 
of water on the nose of a Mushet or other self-hardening tool, a gain of about 
30 per cent;, could be made in the cutting speed. These experiments, then, 
indicated clearly that the use of Mushet steel almost exclusively for cutting 
exceedingly hard pieces of metal was the wrong one, since an enormously 
greater quantity of soft metal was cut in the average machine shop than 
of hard metal, and the gain in cutting soft metals was 90 per cent, as against 

^The Amer. Soc. of Mech. Engrs,, 1906, vol. xxviii., pp. 31-350. 
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only 45 per cent, for hard. It thus became evident that, instead of usir 
self-hardening tools only occasionally for cutting extra hard pieces of meta 
they should be used daily throughout the shop on all ordinary work in plac 
of the ordinary carbon steel tools. From 1900 up to the present time may I 
called the era of high-speed tools, and this has become so completely the cas 
that at the present time a carbon or an ^ untreated ’ tungsten-manganes 
or tungsten-chromium roughing tool can scarcely be found in an up-to-dai 
machine shop.” There is no doubt that the most important discover 
made in connection with high-speed steels, is that which is due to Messr 
Taylor and White, relating to the high heat treatment. This may be applie 
to any tool steel containing not less than 0-5 per cent, of chromium and n< 
less than 1 *0 per cent, of tungsten or its equivalent. This treatment, whic 



would completely ruin ordinary tools, imparts the new quality or propei 
which Taylor has described as ‘‘ red-hardness,” and it is this property whi 
enables these tools to run at their high cutting speeds.^ „ ^ .v 

Taylor distinguishes between the property of hardness and tt 
of ^^r^-hardness,” and points out that heating chromium-tungsten ste 
close to their melting point does not give them a greater degree of hardn 
than quenched carbon steels, but it gives them the power of retaining wl 
hardness they have, even after the tool has been heated up to a red he 
In use high-speed tools maintain their hardness and cuttmg edge, even at 
the nose of the tools and that part of the turnings which is exposed to i 
friction become red hot. As is well known, the hardness of ordinary cart 
steel tools is, practically speaking, entirely removed at about 350 O. 
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tempering. With high-speed steels, however, tempering up to 600° C. very 
miterially increases their hardness. 

The effect of heating a hardened steel containing 0*63 per cent, of carbon 
and 19-28 per cent, of tungsten is shown, diagrammatically, in Fig. 171. 
With the exception of the absence of chromium this material is typical of 
a high-speed steel. Tn this instance it will be observed that the Brinell 



hardness of the steel after hardening in an air blast from about 1,300"^ C. 
is only 500, but that this value does not fall after the material has been heated 
to temperatures up to 500° C. Further, by increasing the secondary heating 
to a little over 600° C. a marked increase in the hardness takes place, and 
reaches a value which is much greater than it was when first hardened. 
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With a steel containing 6-0 per cent, of chromium and 0*63 per cent, of 
carbon, Fig. 170, the Brinell hardness falls from above 700 to well below 600® 
after the hardened metal has been heated to 300® C. Between 300® and 
500® becomes a little higher than it was after being heated to 300® C. With 
temperatures above 500® C. there is a rapid fall in the Brinell hardness. 

With a steel containing 18 per cent, of tungsten, 6*0 per cent, of chromium 
and 0*63 per cent, of carbon, the effect of reheating properly hardened samples 
is shown in Fig. 172. Here it will be seen that the steel is very hard in the 
air-hardened state, and that the hardness falls rather markedly as the re¬ 
heating is raised to 500, but at 600® C. a substantial secondary hardening 
sets in which makes the material much harder than it was in the initially 
air-hardened condition. 

The temperature from which high-speed steels are hardened is perhaps 
the most important in the treatment of this class of steel. Broadly speaking, 
this should be practically as high as possible, short of actually melting the 
metal. This is very clearly represented in Fig. 173, which shows the influence 
of reheating samples of the same high-speed steel referred to above, that 



Fig. 175. 

were hardened from 1,050® C. In this instan(‘,e it will be noted that the 
steel loses its hardness more quickly than if it had been hardened from 1,300® 
Cl, and, further, it does not show anything like the same degree ,of secondary 
hardening. The difference in this respect is due entirely to the fact that 
the tungsten in these steels does not completely go into solution until tem¬ 
peratures approaching 1,300® C. are attained; and since it is to this element 
when in solution that we owe the secondary hardening and the power of 
retaining hardness at high temperatures, little or no return is obtained from 
that costly element unless the tool is heated to a high temperature prior 
to hardening. 

Experiments have been made to determine the variations in the specific 
gravity of high-speed steel after being air-hardened and tempered at different 
temperatures. A series of the results are plotted in Fig, 174 along with the 
hardnesses. A change in the hardness is apparently always accompanied 
with a corresponding alteration in the volume. Thus, with each increase 
of hardness there is an increase of volume. 
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The effect of varying quantities of chromium and tungsten upon the 
hardness of annealed and hardened tool steel is shown in figs. 175 and 176. 
The cutting properties of the same, steels given in cutting speeds of feet per 
minute are also shown in figs. 177 and 178. 



Fig. 176. 

Molybdenum, which imparts a self-hardening effect_upon steel similar 
to that of tungsten, was originally used in-high-spee’d Seels, but for some 
unknown reasons it did not give such good results, and it is now little used. 
Cobalt has the same effect, and tool steels containing 15*0 per cent, of this 



Fig. 177, 

element are now in use, but practically no data have been published respecting 
them. 

Small quantities of vanadium very materially improve the cutting 
properties of high-speed steels; 0*15 to 0*35 are said to be as effective as 
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Hglier percentages. It is generally considered tkat the action of this element 
is that of a cleanser of the molten steel, because it frequently happens that 
when the above quantities are used, its presence cannot be detected in the 
finished material, but its beneficial effects are, nevertheless, evident. In all 
probability vanadium degasifies the molten metal by direct combination 
with the oxides and nitrides present, or in some way neutralises their injurious 
effects, such, for example, as rendering them more soluble and preventing 
them being evolved at the time the mass is solidifying in the mould. In¬ 
vestigations relating to the function of the various elements contained in 
modern high-speed steels have been made by Messrs. Bohler,^ Osmond,^ 
Le Chatelier,® Taylor and White,^ Carpenter,^ and the author.® 



Fig. 178. 

Bohler found that a steel containing 0*85 per cent, of carbon and 7-78 per 
cent, of tungsten possessed only one critical point at 700° C., if it had not 
been heated to above 1,000° C., but a second point appeared at 550° C. on 
cooling, if the initial temperature was higher than 1,000° C. When cooled 
from temperatures between 1,000° and 1,100° C. both these points existed, 
but the point at 700° C. disappeared if the cooling began from above 1100° C. 
He considered that both these critical points were due to what may be termed 
the carbide change— i,e., the temperature at which the carbon separates 
from the y-iron solid solution—and that the low point was merely the lower 
limit of the change which was depressed by the retarding action of the 
tungsten present. He also found that, as the percentage of tungsten was 

1 Wolfram und Bapid Stahly 1903. 

2 Revue de Metallurgies 1904. 

» Ihid, 

^ American Society of Engrs.y 1906. 

* * Iron and Steel Inst., 1905, No. 1, and 1906, No. 2. 

« Ibid.s 1908, No. 2. 
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increased, it was necessary to heat to a higher teinjKn'ature in order to bring 
about a splitting of the carbide change, and under these conditions the 
temperature of the low change was further depressed. 

He experimented with one high-speed steel containing chromiinn and 
tungsten, and advanced the view that the chromium and tungsten present 
in high-speed steels lowered the whole of the pearlitic change below that of 
atmospheric temperatures. Thus, these steels become hardened even wlien 
slowly cooled from high temperatures, because the softening action which 
accompanies the separation of the carbide is avoided. 

The view put forward by Osmond, and supported by Le Oliateliin*, was 
that the softening which occurs as a result of the change from hardening 
into pearlitic carbon, which takes pla(‘,e at 700^' 0. in pure carbon steels, is 
retarded by the presence of tungsten, chromium, molylKlemim. etc., when 
the mass is cooled from aufHciently high tern|Hn*aturea, and that this (diange 
is lowered in proportion as the quantity of those elements is raise<i above 
the eutectoid composition. 

As the result of many experiments on the heating and cockling curves 
of high-speed steels, Carpenter (H)n(’.lude(i that tlie action of tungsten or 
molybdenum consists in hindering under certain conditions, and in alto¬ 
gether preventing under suitably chosen ones, changes in iron-carbon alloys 
which would have for their result the softening of the material, and in addition 
these elements impart a remarkably high resistance to the temptuing of the 
hardened tools. For example, the temjmring of hardened carbon steels 
begins when they are heated to 200® C., whereas the lieating inirves obtaiiie<l 
by Professor Carpenter indicate that tempering of higlespeed steels does 
not begin below 500® to 6(K)® C. He also found that the C. or <‘arbide 
change point takes place in all these steels if the initial t(‘m|aTature of eo(»ling 
did not exceed 900® C. If th(‘ initial temperature was anything between 
900 and 1,200, this point was split into two (u* more parts and spread (Avr a 
range of temperature froiu about 700*' C. to 3()0“ C., molylKienuiu being 
more effective than tungsten in pnxlucing this split. To suppress <‘(Hiipletely 
the carbide change and produce the austenitic structure, which is liard and 
tough, he said, it is only necessary to subject the lume of the tool a very 
mild quenching, which completes the hardening that the presence <}f tungsten 
or molybdenum has more or less advanced. 

The author found that steels ccmtoining 6*0 per cent, of chromium and 
18*0 per cent, of tungsten gave evidence of only one thermal change on 
cooling at about 380® G., when the initial temimrature was jmt much aln^ve 
1,200® C., and when cooled from about 1,300® C. no critical point whatever 
can be detected on slow cooling. 

A series of heating and cooling curves of a typical modern high"S|a‘ed 
steel is shown in fig. 179, wherein are clearly illustrated the positions of the 
thermal changes, as the heat-treatment is modified, (hirve No, I shows the 
normal carbide change of the steel when cnoled from between IKiO^' to 950® C., 
whilst curve No. 2 is from the same steel when cooled from abcmt l,3flo® G., 
which shows that the c,arbide change has been ccHupletely suppressed. The 
effect of subse(|uently heating and cooling tlie same 8|H*cimen can !>e seen 
in the remaining curves Nos. 3, 4, 5, 6, ami 7, and the splitting of the carbide 
point is evident in No. 8. Considered in the light (d these-curves, it does 
not seem that the function of tungsten or tungsten alorig with chromium 
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18 that of a mere brake retarding or depressing the carbide, but that there 
IS some change of a chemical nature which takes place when these steels are 
subjected to temperatures above 950“ C. If the suppression of the critical 
point -was merely due to the presence of tungsten and not to the change in 
chemical constitution, one would expect the change to occur at its normal 
temperature m curve No. 6 after heating to 900“ C., since an initial tempera- 
ture of 900 C. has no effect upon the carbide change. 

Dr. Swinden has advanced the theory that in the annealed steels the 
tungsten exists as FegW separated in the mass, and that at the lowering 
temperature this compound goes into solution, and that the carbide of iron 
exists as such in this solution. Then, when this condition is obtained the 
FesW does not again separate until the low point is reached, and the separation 
of FegC immediately follows. 

The author expressed the view that a carbide of tungsten is formed at 
the lowering temperature, which is not deposited from solution until the low 
point is reached. In both these cases, however, it is assumed that the 
ordinary Ar^ point at 700^ C. is due to the separation of carbide of iron, 
FeaC. The results which have recently been published by Professors Arnold 
and Read cast very considerable doubt upon this view, because they have 
shown that, with the percentages of carbon and tungsten usually present 
in high-speed steels, the carbon is in combination with the tungsten and not 
with the iron (see Chapter XVII). 

Hence, before it is possible to say with any certainty what is the exact 
change that occurs when these steels are heated to above 1,000° C., much 
moie work is required. It is, however, known that the hardening which is 
produced by heating to high temperatures followed by relatively very slow 
cooling is caused by the action of the tungsten which suppresses the carbide 
change, and, further, that the chromium contained in these steels increases 
the rate of wherever reaction occurs at the high temperature, and materially 
improves the cutting properties of the tools. 


Microstructures. 

Although the comparison of high-speed steels vary within very con¬ 
siderable limits, it is a very remarkable fact that their structures as seen 
under the microscope are almost identical. Thus, fig. 180 is the typical 
microstructure of annealed steels containing 0-65 per cent, of carbon with 
from 3-0 to 7-0 per cent, of chromium and from 0*0 to 18*5 per cent, of 
tungsten. All these steels show the same kind of granular pearlite, and no 
appreciable difference can be detected in any of them. 

A typical structure of hardened high-speed steel is illustrated in fig. 181, 
which consists of austenitic polygonal crystals. 

The effect of tungsten upon the structure of the hardened steels is clearly 
indicated in figs. 182, 183, 184, and 185, from which it will be seen that 
as the percentage of tungsten is lowered the acicular or martensitic markings 
increase. 

It was shown by the author that when hardened high-speed steels are 
heated to about 650° C. a new and very brittle constituent is formed (fig.^ 186). 
It was suggested that high-speed tools fail when cutting at their maximum 
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speed, not so much because they lose their hardness, but because this'brittle 
oonstituent is then formed and renders the cutting edge of the tool incapable 
of standing up to the work. The structure of the lip surface of a tool after 
it had been cutting at its maximum speed is shown in fig. 187, It will be 
noticed that after this treatment the steel, which in the first place consisted 
almost entirely of polygonal austenitic crystals, has been almost completely 
converted into the martensitic structure. It may also be noted that inside 
the long white areas there are indications of the above-mentioned brittle 
constituent. 

This transformation from the austenitic into the martensitic structure 
is particularly interesting, in view of what Mr. F. W. Taylor says about 
the second or low heat-treatment which he recommends. This treatment 
consists in reheating the hardened tool to a temperature of 600° to 670° C. 
After this heat-treatment the cutting pioperties of the tool are improved. 
He also says that if the tool is allowed even for a short space of time to rise 
in temperature beyond 670° C., its property of red hardness will be seriously 
impaired, and its cutting speed greatly reduced. The beneficdal effect of the 
second heat-treatment can be produced by running the tool under the friction 
of the clip until the temperature of its nose has been raised to something 
below 670° C., after which the tool can be run at much higher cutting speeds 
than it would otherwise be capable of doing. 

In view of the increased hardness which is produced by heating these 
steels up to temperatures of 600° C. (see fig. 174), this low heat-treatment 
now becomes easy to understand, but it would seem that the upper limit 
is at 600° C., because heating to slightly higher temperatures very materially 
reduces the hardness of the steels. 
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Fig. 180.—Typical Structure of Annealed High-Speed Steel, x 150, 



Fig. 181. —Typical Structure of Hardened High-Speed Tool Steel, x 1.000. 
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rig.-iS?.—Structure of High-Speed Tool Steel after Cutting at i'ts-Maximum 
Speed for 20 Minutes. 
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CHAPTEE XIX. 

MANGANESE 

The element manganese is extensively used in the metallurgy of steel. To 
ordinary steel it is usually added in the form of spiegcl, in the bath, 
or later, as ferro-znanganese, after the metal has been refined and tapped 
into the easting ladles. The two principal reasons for making this addition 
arc, first, to reduce aziy oxides which are invariably formed during the final 
stages of steel-making, and which would otherwise remain in the solid metal, 
making it hot an<l cold-short—unworkable—and, second, to combine 





with the sulphur as manganese sulphide, in which state the sulphur is rela¬ 
tively harmless. The manganese which is in excess of these requirements 
has the effect of raising the hardness and tensile strength of the steel. The 
extent of its influence in this direction has been carefully examined by 
Campbell (see Chapter VIL, p. 102). 

The chemical relations of iron, carbon, and manganese have been examined 




Percentage of total Carbon obtained by 
Colour Test. 
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Percentage of Manianese^ 
Pig. IBIK 


TABLE XXXVIIf. 


No. of 
Hteel Ingot. 

. 


AiialywlB of CarhMc. 

Pen fcnlage t»f 
Total crnrlM»ii 

Carbon. 

Munganeae. 

. . .. • ■.. 



utitalntnl by 
(‘iirhide 




Carljon. 

Inuu 

Manic tuicHC. 

lleildtjc. 


For cent. 

Per (cut. 





1,078 

0-78 

0*41 

6*80 

90-99 

2*21 

93*88 

1,078 

0-78 

0*41 

6*85 

imm 

2*17 

93*93 

1,077 

0-78 

0-83 

6*86 

88-53 

4*61 

tM)-12 

1,077 

0-78 

0*83 

6*94 

88*41 

4*6*1 

lH)-8i) 

990 

0-85 

M6 

7*17 

86*51 

6*31 

84*16 

990 

0*85 

M6 

7*24 

86*39 

6*36 

85*41 

991 

0*86 

2*21 

7*50 

80*83 

U-tl8 

73*67 

991 

0*86 

2*21 

7*84 

80*44 

11*72 

76*29 

990 

0*88 

3*10 

7*82 

76*91 

ir.-37 

68*32 

990 

' 0*88 

3*10 

7*47 

76*79 

15-74 

66*41 

997 

0*81 

3*85 

8-4(i 

71-83 

19*70 

63*22 

997 

0*81 

3*85 

7*96 

72*09 

19*95 

59*32 

999 

0*87 

4*98 

7*80 

70*20 1 

22*00 

55*93 

999 

0*87 

4*98 

7*82 

1 69*92 

22*26 ' 

I 56*97 

1,085 

0*95 

10-07 

8*50 

: 70*53 

20*97 

67*07 

1,085 

0*95 

10*07 

8*05 1 

69*17 

22*78 

.. 

1,068 

i 1*00 

11*21 

6*93 ! 

71*20 

21*87 

77*32 

1,068 

1*00 

f 11*21 

6-85 

71*38 

21*77 

77*06 

1,067 

1*07 

13*38 

7*76 

69*74 

22*50 

74*50 

1,067 

1 07 

1 13-38 

7-08 

70*50 

22*33 

74*82 

1,007 

1*07 

13-38 

7*31 

70*44 

22*25 

74*11 

1,066 

0*82 

15*11 

I 8*33 

62*28 

29*39 

64-mi 

1,065 

0*82 

15*11 

7*49 

66*22 

26*29 

52*06 

1,065 

0*82 

15-11 

7-27 

64*62 

28*11 

69*19 
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by Dr. Stead/ Professors Arnold and Eead/ and others. By a chemical 
method of separation Stead obtained, from a steel containing 1*77 per cent, 
of carbon and 12*18 per cent, of manganese, a carbide residue which con¬ 
tained 17*19 per cent, of manganese. Arnold and Read’s careful determina¬ 
tions were made with a set of twelve steels with carbon and manganese 
varying respectively from 0*78 to 1*07 per cent, and 0*41 to 19*59 per cent. 
They used an electrolytic method, which was practically the same as that 
by which they isolated the carbide of iron, PegC from carbon steels. The 
figures they obtained are given in Table XXXVIII., and the manganese content 



of the residues are plotted as vertical ordinates, and the percentage of man¬ 
ganese in the steels as horizontal ordinates in fig. 188. The one striking 
feature about these results is that the manganese in the residues remains 
practically constant for steels containing from 4*98 to 13*38 per cent, of 
manganese. Even with these careful determinations at hand, the authors 
were unable to say whether the iron and manganese in the carbides are 
there as double compounds or simply as mixtures of iron and manganese 
carbides. This uncertainty is particularly evident when it is remembered 
that in many cases less than 70 per cent, of the total carbon contained in 
the steels was found in the residues. The authors say:—“ It would appear 

' Jotirn. Iron and Steel Inst., 1894, No. 1, p. 192. 

*Journ. Iron and Steel Inst, 1910, No. 1, p. 169. 
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that the carbides from steels containing up to 4-98 per cent of manganese 
are simply mixtures, and possibly a considerable amount of a true double 
carbide, SFeaC, MnaC, is present in steels contammg from 4-98 to 13-38 per 
cent, of maianese.” Another point of interest, which was first noted by 
Stead is that manganese carbide gives no colouration in the carbon coIoot 
test, to the weU-known brown colour obtained with iron carbide, 

when dissolved m nitric acid (specific gravity 1-20). This observation has 
been amply confirmed by Arnold and Bead, who graphically illustrated 

their results as in fig. . 189. . . , . , c • j 

The effect of manganese upon the critical points of iron was determined 
by Osmond.^ He found that these changes are almost progressively lowered 



with increasing percentages of manganese (see fig. 190). The magnetic change 
is lowered at a quicker rate than the carbide change, until with about 3-0 per 
cent, they are coincident at a little above 400° 0. A steel with 0-45 carbon 
0-11 silicon, and 4*0 per cent, of nianganese has one transformation at 
300° C. With 0*32 carbon, 0*26 silicon, and 5*0 of manganese the change 
occurs at 100° C. ..„With from 7 .to 12 per cent, or.,more of manganese no 
transformation takes place on cooling down to the ordinary temperature. 

, , ^ VAcaddmie des Science^ 1897. 




231 

As a resiilli of this lowering of the thermal critical- points the magnetic per¬ 
meability decreases with increasing percentages of manganese, and when no 
transformation occurs above 0° C., as is the case when more than 7 or 
8 per cent, of manganese is present, the steels are practically hon-magnetic. 

The only commercial manganese steel in'practical use is that discovered 
by Sir R. Hadfield, and almost invariably described as “ Hadfield’s manganese 



Fig. 192. 

steel.” It usually contains from 12 to 14 per cent, of manganese, together 
with about 1*5 per cent, of carbon. 

The mechanical and other properties of steels containing varying per¬ 
centages of manganese have been very thoroughly investigated by its 
inventor,^ and later by Dr. GuiUet,^ who has con&cmed and extended these 

' Proc. Inst, of Civil Engs., vol. xciii.; and the Ir(yn> and Steel Inst,, No. 11,1888. 

® Bulletin de la Socim d'JEnccmrageinent pour V Industrie Nationale, vol. cv., pp. 421-434. 
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observations. Some of the results obtained by Hadfield are given in Table 
XXXIX., and plotted in figs. 191 and 192. 

Considering the steels in their normal rolled condition, it will be noticed 
that the first efiect of manganese is considerably to raise the tensile strength 
^nd lower the elongation, wdth 2*3 per cent, of manganese the figures are 
respectively 56 tons per square inch and 6*0 per cent, on 8 inches. With 
from 3*89 to 7*22 per cent, of manganese they are exceedingly brittle, as 
is indicated by the low ultimate stress and inappreciable elongation. There 
is a marked improvement in the tensile properties as the manganese content 
is raised from 7*5 to 12*7 per cent., but with further increase the elongation 
is generally below 2*0 per cent.; the only exception being the steel with 
21*69 per cent, of manganese, which gave an elongation of 9-0 per cent. 
Some of the irregularities in the mechanical properties of these steels are 
to some extent accounted for by the variations in the percentages of carbon. 

The most remarkable property of these steels, which was discovered by 
Hadfield, is their power of being toughened by a treatment which would 
cause brittleness, water cracking, and other defects in carbon steels. This 
process of “ water toughening consists in heating to a high temperature 
1,000° to 1,100° C., followed by relatively quick cooling in air, oil, or water. 
It can be applied with equally good results to material in its cast or rolled 
condition. The advantages obtained are most noticeable when the man¬ 
ganese content is between 10 and 14 per cent. Thus, for example, by heating 
and then quenching in water the tensile strength can be raised to 65 tons 
per square inch, whilst the elongation is also raised from about 6*0 to 6*5 per 
cent, on 8 inches. It is a very remarkable fact that this increased ductility, 
or what may be regarded as greater softness, renders the steel but little 
easier to file. 

Speaking of the peculiar kind of hardness of manganese steels. Sir Robert 
Hadfield says :—‘‘ It is difl&cult accurately to describe this quality, because 
all the specimens are exceedingly hard in their cast and forged condition; 
in fact, it is scarcely possible to machine any of them on a practical scale, 
yet such hardness varies considerably in degree, being most intense in the 
cast material containing 5 to 6 per cent, of manganese, which no tool will 
face or touch. A gradual decrease then occurs, and when about 10 per 
cent, is reached the softest condition occurs. Then an increase again takes 
place, and ^at 22 per cent, it is very hard, still not so much so as the 5 per 
cent. Although the 8 to 20 per cent, steels can be machined, it is only with 
the utmost difficulty, as will be seen from the following example:—The 
test bar (No. 22 B.), containing 14 per cent, of manganese, which gave an 
elongation of 44*5 per cent, without fracture, and had a tensile strength of 
67 tons, was put under a double-geared 18-inch drill. Over an hour was 
occupied in drilling one hole | inch in diameter by | inch deep, and even to 
do this it was requisite to run at the lowest speed, or the edge of the drill 
would have given way. . . . Yet this specimen could be indented by 

an ordinary hand hammer, so that whilst so hard it may be said to possess 
‘ a special kind of softness.' Although when being turned, it appears harder 
than chilled iron, its softness is particularly noticeable when testing the 
material for compression,” 
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CHROMIUM. 


Cheomium is employed as a special addition to steels which, consist almost 
exclusively of iron-carbon and chromium, but it is even more widely used 
in conjunction with other elements, such as nickel or tungsten, etc., in quater¬ 
nary steels. 

"a study of its influence in the ternary steels is necessary, not only to 
understand how such steels should be treated, but in order to determine 
its function in the more complicated quaternary mixtures as well. There 
can be no doubt that the action of this element, whether in ternary or quater¬ 
nary mixtures, is, broadly speaking, that of a hardener. It is, therefore, 
used either to raise the tensile strength of steel for certain special mechanical 
purposes, or to increase the abrasive hardness, as in the case of tool steels, 
or the resistance to penetration, as in the case of armour plates, etc. 

Osmond^ considered that chromium might exist in three conditions, 
which might or might not exist together according to the composition of 
steel. These are as follows :— 

1st. In the state of dissolved chromium (in the iron). 

2nd. As a compound of chromium, iron, and carbon, which exists in the 
form of isolated globules. 

3rd. The above compound may exist in the form of a solid solution in 
the iron. 

By a chemical means of separation Carnot and Gontal ^ obtained a residue 
corresponding to the formula Fe 3 C, SCrgC from a ferro-chromium, and 
SPegC Cr 3 C 2 from two chromium steels. 

TABLE XL. 


Analysis. 

Percentage of 
Total Carbon 
obtaiued in 
Carbide 
Eesidue. 

Analysis of Carbide. 

Corresponding to 
Formula. 

Carbon. 

Chromium. 

Carbon, 

Chromium. 

Iron. 

0-64 

0*65 

94*28 

6*95 

4*12 

88*93 

] 

0-64 

0*65 

99*37 

7*08 

4*66 

88*36 

V 20Pa,C, CraC^. 

0*64 

0-65 

98*84 

7*12 

4*41 

88*47 


0-84 

0*99 

86*72 

7*20 

6*99 

85*80 


0-84' ' 

0*99 

82*17 

7-27 

7*22 

86-51 

I" 121u^C, Ca'j{C2. 

0*835 

4*97 

85*54 

9*04 

46*67 

45*29 

1 4FeA SCrgCa, 

0*835 

4*97 

80*73 

8*69 

45*81 

45-62 

I Crfi. 

0*85 

10*15 

87*05 

8*16 

63*51 

28*38 

\Pe 3 C, CXgOa, ' 

0*85 

10*15 

84*77 

8*23 

62*83 

28*93 

j Cr^C. 

0-88 

15*02 

97*41 

6*05 

59*34 

34*60 


0*88 

15*02 

99*70 . 

5*96 

59*49 

34*64 


0*85 

19*46 


5*58 

60*93 

33*49 

12 ^ 630 , SCr^C. 

0*85 

19*46 

99*19 

5*21 

62*13 

32*66 

1 

0*85 

23*70 

•• 

5*05 

62*83 

32*12 

J 


1 Report on Six Robert Hadfield's paper. Iron and Sted Inst, No. 2, 1892. 
* Comptes Rendus, 1898, vol. cxxvi., p. 1243. 
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Professors Arnold and Kead^ have conducted a series of experiments 
in order to determine the chemical constitution of annealed chromium steels. 
The steels they examined contained from 0*64 to 0*85 per cent, of carbon 
and 0*65 to 23*7 per cent, of chromium. The results they obtained are 



given in Table XL., and the percentages of chromium and carbon co 
teined in the carbide residues obtained from the various steels are plott. 

*^^T^r^ct of chromium upon the temperature at which the normal critic 
points of iron and carbon steel occur was very carefully investigated 1 

^ Joum. Iron and Steel Imt, No. 1, 1911, p. 249. 
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Osmond, who worked with Sir Eobert Hadfield’s steels, and published the 
results in a report on the latter’s paper. These results are extremely inter¬ 
esting, and should be carefully studied, because they show that chromium 
occupies what may be regarded as a unique position in the metallurgy of 
steel. The position of the critical points on cooling from 1,030° C. are given 
in Table XLI. It will be noticed that there is a tendency for the tem¬ 
perature at which the Ar^ change takes place to be raised as the percentage 
chromium is increased. 

Working with other steels, and considering the Arj point. Professor 
Carpenter^ says:—Increase of chromium tends to raise the critical point. 
Thus, comparing the values obtained on cooling from about 900° C. :— 


‘‘ Steels used by Professor Carpenter. 

Composition. 

Carbon. Chromium 

3-24 

0-54 1-12 

1 09 9-55 

He regarded the raising of this critical point as due either to chromiumt 
or chromium jointl}^ with carbon.” From other considerations the present 
author 2 concluded that the latter is the correct view. All the above results 
refer to the temperature of the change when the steel is cooled slowly, and, 
considered alone, they certainly indicate that chromium facilitates the 
change. There is, however, another view to take—namely, variations in 
the rate of cooling. It was shown in Sir R. Hadfield’s work that some of the 
steels experimented with are extraordinarily sensitive to moderately quick 
cooling in air. This is especially so for steel No. 5, Table XLI., which, 
as Osmond said, ‘'is as well hardened by simply cooling in air as ordinary 
carbon steels by quenching in water.” This was explained by the fact that;, 
although the cooling velocity is not so great, the presence of the chromium 
acts in the same way in suppressing the change. 

Kikkawa and the author have obtained definite evidence in this 
connection by taking cooling curves (fig. 195) from a constant temperature 
at known varying rates of cooling over a determined range of temperature. 
These curves very clearly illustrate what may be justly termed “ the critical 
cooling velocities” for a steel containing 6T5 per cent, of chromium and 
0-63 per cent, of carbon, for they show that if the cooling from 1,230° C. 
to 550° C. takes place in 16 minutes the carbide change is suppressed, 
and the steel is as hard as water-quenched carbon steel, whereas if the 
cooling over the same range of temperature takes 30 minutes, the material 
is practical in the soft annealed state as a result of the change having 
occurred. In addition to this remarkable efiect which is produced by such 
comparatively insignificant variations in cooling, it should be noted that 
the effect of initial temperature is equally important. Whilst this has not 
yet been so thoroughly elucidated, Kikkawa and the author have obtained 
some instructive results, which are given in Table XLII., and plotted 

^ Journ, Iron and Steel Inst., Xo. 1, 1905, p. 433. 

^ Journ. Iron and Steel No. 2, 1908, p. 104. 
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in fig. 199. These show the Bxinell hardness numbers of the same chromium 
steel after heating cubic-inch specimens in a furnace to the temperatures 
mentioned, and then taking them out of the furnace and allowing them to 
cool on an asbestos pad in air. 



Another method of illustrating the influence of initial temperature is 
depicted in fig. 196. In this case the samples were heat^ to the six re- 
corded temperatures maintained at those temperatures for half-an-hour, 
and then cooled at certain known rates. The rates of cooling, which are 
plotted, correspond to the times taken in cooling over the same range of 
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temperature in each case—namely, from 836° C., which is 25° C. above the 
thermal change on heating, to 546°, which is well below the normal temper¬ 
ature of the corresponding change on cooling. After each experiment the 
Brinell hardness was determined, and these have been plotted against the 
cooling rates. The chief characteristics of the cooling curve obtained are 
the same as those shown in fig. 195. The horizontal branch of the hardness 
curves correspond with the cooling rates which permitted the whole of the 
carbide transformation to take place at approximately the normal tem¬ 
perature, and the sudden rise in hardness with the beginning of the suppression 
of that change. It will be noticed that even though the whole of the carbide 
change occurs with comparatively slow rates of cooling from each initial 
temperature, the hardness of the steel increases quite considerably with the 
initial temperature from which it was cooled. Further, with any given rate 


700 


600 5 


I 

400 I 

000 S 

I 

200 


m 

Fig. 197.—Cooling Rate in Minutes. 



of cooling the hardness of the metal increases with the temperature to which 
it was heated. These results very clearly demonstrate that both the degree 
of hardness attained and the facility with which a steel of this kind is hardened 
becomes greater as the initial temperature is raised. /The precise cause of 
the difference which is produced in this way is not known with any certainty. 
The view which was provisionally advanced by Messrs. Kikkawa, Green¬ 
wood, and the author^ was that the chromium carbide (CrgCa)^ first goes 
into solution as (Cr 3 C 2 ) 2 , and is then progressively dissociated into CrjCg as 
the temperature is raised. When the steel is again being cooled these 
molecules only slowly re-associate, and thus the molecular effect of the dis¬ 
solved chromium carbide is greater as the initial temperature and molecular 
dissociation increases. This increased number of molecules in solution then 
enables the carbide point to be more readily suppressed. In a remarkably 
'^Journ, Iron and Steel Inst., 1916, No. 1. 
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good investigation on the magnetic transformation points of chromium- 
carbon steels, Takejiro Murakami ^ considers that dissociation of the carbides 
in solution occurs when the temperature is progressively raised above the 
Acj point, but he is of the opinion that the reaction, which occurs is expressed 
by the equation— 

2Cr4C = Cr 3 C 2 -b 5Cr. 

The above-mentioned critical cooling rates are, as would be anticipated, 
very materially influenced by the carbon and chromium contents of the 
steel. The influence of carbon in this connection is clearly indicated in 



TABLE XLIL 


Temperatures from which the 
Specimens were cooled in Air. 

Brinell Hardness If umbers. 

BOO'^ 0, 

288-3 

870° C. 

313-6 

030° C. 

494-3 

956° C. 

606-3 

1,025° 0. 

646-9 

1,060° C, 

641*7 


fig. 197, in which are represented the hardnesses, plotted against cooling 
rates, of three steels containing diflerent percentages of carbon, but practically 
the same amounts of chromium. The compositions of the three specimens 


were— 


A, 

B, 

C, 


6-18 per cent, chromium. 
615 
6-16 


0*37 per cent, carbon. 
0*63 ,, I, 

0-97 „ 


The data for the steel containing 12-6 per cent, of chromium and 0*28 
per cent, of carbon are plotted in fig. 198. 

» Science Beports of the Tdhoku Imperial University, vol. vii., No. 3. p. 217. 

16 
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The mechanical properties of chrbihmm steels have formed the subject 
of an important paper by Sir Eobert Hadfield already referred to. Some of 
the more important data contained therein are embodied in Tables XLIIL, 
XLIV., and XLV. From these figures it will be seen that increasing per- 


TABLE XLIV.— Mechanical Ppoperties op Eolled Bars 
(Unannealed). 


No. 

Elasti Limit. 

Ultimate Stress. 

Elongation. 

Reduction of Area, 


Tons per sq. inch. 

Tons per sq. inch. 

Per cent. 

Per cent 

1 

19-60 

28-00 

38-65 

64-12 

2 

21-00 

28-00 

41-95 

67-06 

3 

22-50 

31-00 

37-75 

43-92 

4 

21-00 

29-00 

41-00 

68-48 

6 

22-00 

31-60 

40-00 

62-14 

6 

26-00 

39-50 

33-80 

66-22 

7 

24-00 

38-00 

37-10 

64-12 

8 

29-50 

64-00 

26-75 

61-98 

9 

30-00 

64-00 

21-65 

43-84 

10 

40-00 

74-00 

13-06 

20-16 

11 

40-00 

72-60 

13-55 

26-74 

12 

30-00 

61-00 

17-65 

27-58 

13 

30-00 

2-00 

10-38 

11-66 

14 

,, 


,. 


15 


•• 

*• 

•• 


TABLE XLV.— Mechanical Properties op Annealed Bars. 


No. 

Elastic Limit. 

Ultimate Stress. 

Elongation. 

SmQHHI 


Tons per sq. inch. 

Tons per sq. inch. 

Per cent. 

Per cent. 

1 

16-60 

24-00 

45-20 

68-20 

2 

17-00 

26-00 

46-55 

65-90 

3 

18-00 

27-50 

44-90 

61-98 

4 

15-00 

25-50 

46-60 

69-04 

5 

19-00 

28-00 

42-60 

61-20 

6 

20-00 

36-00 

32-96 

46-80 

7 

19-00 

33-50 

38-07 

66-88 

8 

24-50 

44-00 

22-60 

33-84 

9 

21-50 

47-60 

24-06 

35-46 

10 

20-00 

65-00 

8-20 

6-88 

11 

19-00 

41-00 

34-75 

45-52 

12 

18-00 

44-00 

25-00 

32-82 

13 

» • 

33-00 

.. 


14 

19-50 

44-00 

9-55 

7-k 

15 

.. 

• • 


• • 


centages of chromium bring about a substantial increase in the tensile 
stren^h of the steels, with a corresponding diminution in the ductiUty. 
This is the case until about 5*19 per cent, is present, after which further 
additions appear to soften the metal—z.e., increase the ductility and lower 
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the tensile strength. This softening is quite marked, when it is remembered 
that in the steels mentioned the percentage of carbon was somewhat irregular, 
and with one exception was higher as the percentage of chromium was raised 
above 5*19. 

Perhaps a better idea of the effect of chromium can be gained on exam¬ 
ining figs. 200, 201, and 202, taken from Dr. Guillet’s work,^ in which are 
illustrated the hardness and tensile properties of two series of steels containing 
respectively 0*20 and 0*80 per cent, of carbon with varying percentages of 
chromium. It will be noticed that in the series with 0*20 per cent, of carbon 
the maximum hardness is reached with about 10-0 per cent, of chromium, 
whilst with 9*80 per cent, of carbon the corresponding maximum occurs 



at 14*5 per cent, of chromium. With the 0*20 per cent, carbon series the 
highest tensile strength is obtained with 7*5 of chromium, but at 2*0 per 
cent, of chromium with 0*80 of carbon. From what has been said in regard 
to the efiect of slight variations in the rate of cooling upon the carbide change 
in chromium steels, and also of initial temperature upon the hardness of 
air-cooled specimens, it is clear that these steels are extremely sensitive 
to heat treatment. In fact, the element chromium imparts to steel a much 
greater degree of the property known as air hardening ’’ than the element 
tungsten.. On the other hand, air-hardened chromium steels lose their 
hardness at a low temperature, but this tempering of the steel is rendered 
more difficult by the addition of tungsten. 


^ Revue de Metallurgies 1904, pp. 155-183. 
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GHAPTER XXL 

ALUMINIUM, SILICON, AND VANADIUM. 

The effect of aluminiam and silicon upon steel may conveniently be con¬ 
sidered together, since their action is in many respects very similar. Ib 
small quantities they are both very widely used in steel metallurgy fc>r the 
purpose of improving the casting qualities of the metal, and in the manu¬ 
facture of what is known as “ ingot iron/' which is practically pure iron made 
in basic open-hearth steel furnaces, even traces of aluminium haye, a very 
pronounced influence in this respect, and also make the material much; more 
suitable for rolling purposes. This is brought about by the reduction of the 
oxide, of icon, which may be dissolved in the hquid metal, and also, as Brin ell 
has shown (see Chapter VI.), by increasing the solubility of gases such as- 
nitrogen and carbon-monoxide in the solid metal. This increased solu¬ 
bility delays the separation of the gases from the mass during its solidifica¬ 
tion, and thus hinders the formation of blowholes in the ingot. 

By carefully controlling the percentage of aluminium and silicon m 
ingot icon, or steel, blowholes can be completely prevented. If, however, 
too much aluminium or sihcon be used, the metal be what is technically 
known as “ killed," and- will undergo relatively considerable contraction 
during sohdification, with the result,tha^%large deep-seated pipe cavities are^ 
formed in the ingot. 

Steels containing about 0*75 per cent, of aluminium or silicon are very 
difficult 'to cast; they are viscid and sluggish. This is due to the presence 
of the oxides of alumina or silicon on the surface- of the liquid metal, which 
are very tenacious, and form on aU freshly exposed surfaces. Owing to the 
same csjuse, the introduction of ^aluminium to almost all other metallic 
alloys g|ves the same trouble, and m^kes it a difficult matter to produce- 
sound castings unless special precautions be taken. In the case of aluminium 
bronzes, it has been shown by Professor Carpenter and the author^ that 
this troublesome feature can be entirely overcome by pouring the inetal 
into thel mould in such a way that the surface of the liquid after entering; 
the-niould is not disturbed to an appreciable extent. 

So far as is known, neither aluminium nor. silicon in steel have any effect- 
upon th^ chemical relations of carbon and iron. In other words, the carbon 
in such steel when in the annealed condition is present as the carbide Fe 3 C. 

The most important publications relating to the mechanical properties 
of aluminium steels are those of Sir Robert Hadfield ^ and Dr. Guillet,® and 
for silicon steels Sic Robert Hadfield,^ Dr. Guillet,^ Professor Turner,® and 
Mr. T. Baker.^ 

^ Inst. Meek. Engs., 1910. 

^Joum. Iron and Steel Inst., 1890, No. 2. 

® Bevue de Metallurgie, 1906, pp. 312-327i 

* Jcnim. Iron and Steel Inst., 1889, No. 2, p. 222. 

^ ® Bevue de Metallurgie, 1904, pp. 46-67. 

« British Association Meeting, 1888. 

^ Joum. Inst, of Elec. Engs,, vol. xxxiv., p. 498, 1905. 
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As regards the influence of aluminium it has hoAn + 1 , j. -j.!. 

steels containing about 0-2 per cent, of carbon, as much as^5-0 pL cenrlf 
aluminium can be present without producing any appreciable Lang^in the 




tensile properties of the steels. With 7*0 per cent, the metal'becomes very 
brittle (see fig. 203). Shock tests, however, revegJ fihat; although smaiji 
percentages of aluminium have no influence, great brittleness is evident 
with *2-0* per cent. Aluminium does'not appear to have any effect upon the 
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meclianieal properties of steel containing about 0-75 per cent, of carbon 
(fig. 204). This applies both to tensile and shock tests. 

The mechanical properties of silicon steels, as determined by Dr. Guillet, 
are given in figs. 205 and 206. The chief feature to note is that the 0*20 per 
cent, carbon series becomes exceedingly brittle with about 5-0 per cent, 
of silicon. In both series the elastic limit and tensile strength are somewhat 
higher than pure carbon steels of similar carbon content. 



V^ana^dium Steels.— In view of the fact that vanadium is no'w 
used in a great many special steels, and particularly in those employed 
in the niotor-car industry, and also high-speed cutting tools, a knowledge 
of its action upon carbon steels is a matter of first importance. It is claimed 
that small quantities of this element added to liquid steel produce a marked 
improvement in the mechanical properties of the metal, and certainly increase 
the cutting efficiency of tool steel. These improvements have been observed 
even when the presence of the element cannot be detected in the finished 
material. ^ In such cases it is generally considered that it acts as a cleanser 
by removing or neutralising the gaseous impurities contained in the liquid. 
Quite apart from its action in this respect, low percentages of vanadium 
decidedly advantageous, and it is only the high cost which prevents it 
being more extensively used. 
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As regards the chemical constitution of vanadium steels, W. Giesen^ 
states that with low percentages the vanadium is completely held in solid 
solution by ferrite, which will dissolve up to 0-6 per cent, of vanadium. 
Nicolardot ^ obtained a residue from a steel containing 04 per cent, of carbon 
and 1*5 per cent, of vanadium, which corresponded in composition to the 
formula Fe^C, SSCVgCj), and Fe 3 C, 60 (V 3 C 3 ) from a steel with 0*80 per cent, 
of carbon and 10 per cent, of vanadium. Putz ® found that steels containing 
1*64 of vanadium and 2*0 of carbon contained the vanadium as V 2 C 3 . 



Fig. 206. 

Very complete and systematic determinations relating to the chemical 
constitution of vanadivan-carbon steels have been made by Professors Arnold 
and Bead.* Their investigations were made with steels containing from 
0*60 to 1*10 per cent, of carbon and from 0*71 to 13*45 per cent, of vanadium. 
The data thev obtained are given in Table XLVI., and the more important 
details are plotted in figs. 207 and 208. These results clearly indicate that, 
as the vanadium in the steels increases, the amount of iron found m the 
carbide residue falls and the percentage vanadium in the same mcreases. 

1 Jovrn. Iron and Steel Inst., 1909, Carnegie Memoir, vol. i. 

* Le Vanadium, 1905, p. 147. 

* ifefaWttffirie, 1906, p. 651. 

* Journ. Iron and Steel Inst., 1912, No. 1, p. 215. 
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T bifl displacement of the iron by vanadium is practically complete in steels 
containing more than 5 81 per cent, of the latter element and less than 1*10 
per cent, of carbon. The carbon then exists as carbide of vanadium, V 4 C 3 , 



Pig. 207. Fig. 208 

The authors mentioned in their paper that “ the steels dissolved quite ireadily, 
and with each member of the series vanadium was found in the hydroohloric, 
acid solutions ’’; this fact supports Giessen’s statement that ferrite dissolves 
vanadium. 


TABLE XLVI. 


Analysis. ; 

Percentage of 
Total Carbon 
obtained in 
Carbide 
Residue. 

Analysis of Carbide. 

Corresponding to the 
Formula. 

Carbon. 

Vanaditim. 

Carbon. 

Iron. 

Vanadium. 

0*60 

0-71 

95*77 " 

' 7*61 

- 83*71 

8*68 



0-60 

0*71 

96*98 

7-66 

83*69 

8-65 


V UFeaC + VA. 

0*60 

0*71 

92-71 

7*49 

83*27 

9*24 



0-63 

2*32 

88*10 

10*66 

64*60 

34-74 



0-63 

2*32 

82*80 

10*44 

54*71 

34-8g 


pFe^O -f- VA. 

0-63 

2*32 

91*20 

10*63 

53*30 

36*07 



0*93 

5*84 

99*15 

15*94 

0*64 

83-52 . 



0-93 

5*84 

98*19 

15*94 

0*47 

83-69 



0-93 

5*84 

97*63 

16*05 

0*83 

83-12 



1-07 

10*30 

96*76 

15*03 

1*04 

83-93 



1-07 

10*30 

95*22 

' 15*00 

0*63 

84-37 



1-10 

13*45 

99*78 

14*12 

0*82' 

86-06 



1-10 

13*45 

99*06 

13*76 

1*27 

84-97 




Professors Arnold and Bead also made some very interesting observations 
in regard to the efiect of vanadium upon the critical points of iron. Thus, 
they found that a steel containijig 0*63 per cent, of carbon and 2*32 per 
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-cent, of vanadium, when cooled from 1,020° C., did not show any point 
■corresponding to the Aij change. The Arg appeared at 791° C., and the Ar^, 
which was very small considering the amount of carbon, occurred at 720° C. 
A steel with 1*07 of carbon and 10*3 of vanadium, when cooled from 1,210° C., 
gave no evidence of the Arg or Ar^ points, the Arg appeared at 830° C. 
Further, this steel, when rapidly quenched from 1,050° C., was quite soft 
to the file. These are most remarkable facts, and are exceedingly interesting, 
because no other element is known to have the same eifect. The absence 
of the Ati point certainly indicates that the.carbide of vanadium is only 
soluble in y-iron at very high temperatures. The disappearance of the Arg 
change, or, more correctly, the raising of the change, strongly suggests that 
this is brought about by the vanadium held in solid solution, and if this is 
the case, it would mean that vanadium is more soluble in a-iron than 
y-iron. 

The mechanical properties of vanadium-carbon steels have been deter¬ 
mined by Dr. Guillet.^ His work was carried out on two series of steels 
containing 0*20 and 0*80 per cent, of carbon with up to 10*0 per cent, of 
vanadium. The tensile properties are shown in figs. 209 and 210. From 
these results it will be seen that in both series the best all-round results are 
■obtained with about 0*70 per cent, of vanadium. Increasing the percentage 
from 0*0 to 0*7 produces a progressive and substantial rise in the elastic 
limit and tensile strength, which is also accompanied by an increase in the 
•ductility of the steel. 


^ Bevtte de Metallurgit, 1905, p. 525. 
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CHAPTER XXn. 

STRUCTURAL CONSTITUTION OF SPECIAL 
TERNARY STEELS. 

In the chapter dealing with the microstructure of carbon steels a detailed 
description has been given of the structural constituents and appearances 
which are known as ferrite, pearlite, sorbitic pearlite, troostitic pearlite, 
cementite, martensite, and austenite. Since these are the constituents and 
structures which are also met with in the treatment of special steels, it will 
be advantageous once again to refer briefly to the conditions and treatment 
under which they are formed in carbon steels. 

Ferrite.—This coi?.stituent is present in the massive crystalline- 
condition in all slowly-cooled steels containing less than 0*89 per cent, of 
carbon. As a rule, it is almost pure iron, but it may sometimes contain 
notable quantities of impurities in solid solution. It is relatively very soft 
and magnetic. 

Pearlite.—Is an intimate mixture of crystallised a-iron and carbido 
of iron which have crystallised at the same time from the solid solution of 
the eutectoid composition. It, therefore, contains 0*89 per cent, of carbon, 
and is obtained by slow cooling. 

Sorbitic 'pearlite is very similar in many ways to ordinary pearlite, but 
it is in a finer state of division, owing to the fact that it is obtained by moder¬ 
ately quick cooling from about 700° C., which prevents the normal crystal¬ 
lisation into ordinary pearlite. 

Troostitic pearlite or troostite is an exceedingly fine mixture of carbide- 
of iron and ferrite, which has the same composition as pearlite. It is formed 
from the same solid solution as pearlite, but is only obtained in carbon steels 
by very rapid cooling, such as quenching, at the time the solid solution is- 
decomposing into its constituents. 

Cementite.—Carbide of iron (Fe^C) occurs in all slowly-cooled steels 
as a constituent of pearlite, and in the free or massive form in slowly-cooled 
steels containing more than 0*89 per cent, of carbon. It is hard and brittle. 

Martensite is obtained by quenching aU steels from temperatures above 
their highest recalescence points. It is exceedingly hard when it contains 
0*89 per cent, of carbon, but is considerably softer when the carbon content 
decreases. Martensite can only be obtained in carbon steels by very rapid 
cooling, and, therefore, the proportion of the steel which can be kept in 
state decreases as the size of specimens increases, because of the diminished 
rate of cooling. 

Austenite, —Obtained by rapidly quenching steels with 1*0 to 1*65 per 
cent, of carbon from above 1,000° C. in ice-cold water. Under the most 
favourable conditions not more than about 35 per cent, of a carbon steel 
can be preserved in this state. It is softer than martensite. 
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The above constituents are all found in almost every series of .special 
steels, but, owing to the presence of a third element, the conditions under 
which they are obtained may differ entirely from those of carbon steels. 
This difference is due to the effect of the third element upon the temperature 
at which the ordinary critical points of carbon steels occur. If the added 
element lowers the temperature of the critical points, and especially that of 
the Axi change, its action will be in the same direction as that of quenching, 
which also lowers the temperature of the Ar^ point. When lowering of the 
transformation points occur, whether it is produced by rapid cooling in carbon 



steels or by a third element with very slow rates of cooling, the effect upon 
the mechanical properties will be very similar, providing the change occurs 
at the same temperature m each case 

It is evident that when a certain percentage of a third element is capable 
of lowering the temperature of the critical points below that of the ordinary 
atmosphere, the temperature of those points can be easily controlled for any 
given rate of cpoling simply by selecting the correct percentage of the third 
element. Any lowering of, for instance, the carbide Ar^ change naturally 
means that, the mass of steel has a narrower range of temperature over 
which the carbide and ferrite, which then separates from tho pre-existing 
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solid solution, can coalesce or crystallise. Hence the crystals of ferrite and 
cementite contained in the steel are progressively smaller the lower the 
temperature at which they separate from the solid solution. It, therefore, 
follows that, by using an element such as nickel, which has a pronounced 
lowering effect upon the Ar^ and other changes, very fine or sorbitic pearlite 
wiU be obtained with a certain percentage of that element, and that by 
increasing quantities troostite, martensite, and even the normal y-iron 
solid solution can be produced even when the cooling is slow. Thus, a steel 
with 0*90 per cent, of carbon and 7*0 per cent, of nickel is martensitic after 
very slow cooling, and possesses similar properties to a quenched martensitic 



carbon steel. Broadly speaking, this similarity exists in other cases, though 
it must be remembered that differences do occur as a result of the direct 
influence of the added element. 

Dr. Guillet has made very careful microscopic examinations of almost 
all the special ternary steels, and has illustrate his results in what may 
provisionally be described as constitutional diagrams. These are shown in 
ngs. 205 to 214, and are very usefgl in making a study of the various kinds 
of ternary steels. After describing one of these the others will be readily 
understood. The constitution of nickel steels is represented in figi 211. 
In this diagram the horizontal ordinates represent the percentages of carbon, 



Chromium Steefa, 
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and the vertical ordinates those of nickel. A slowly-cooled steel corresponding 
in composition to a point inside any of the areas illustrated in the diagram 
will have the structural constitution referred to in that area. This will be 
more fully understood by considering a series of steels containing a constant 
percentage of carbon with varying nickel content. Considering a series 
with 0-5 per cent, of carbon and a, h, c, d, e, and / of nickel, they will show 
when viewed under the microscope the following structures :— 


a = 
& = 


2*5 per cent, of nickel 


6-0 


5 > 


7-5 

d = lh0 
e = 18-5 


/ = 22-0 


}} 

>} 


= ferrite -f pearlite. 

= troostite + carbide. 

= martensite + troostite. 
= martensite. 

= austenite + martensite. 
= austenite. 


Vanadium Steels. 



The efiect of carbon can be ascertained in a similar manner by con¬ 
sidering a series with a constant percentage of nickel. It should be noted 
that, whilst the various members of any particular group possess the same 
constitution owing to the wide variation in their composition, the con¬ 
stituents are seen under difierent conditions, or, in other words, their degree 
of fineness or coarseness varies on passing from one side of the area to the 
other. It is also necessary to point out that the meeting of the areas, 
austentite, martensite, troostite, etc., at the 1*65 per cent, carbon point 
may be regarded as somewhat arbitrary. Dr. Guillet has chosen this per¬ 
centage, because it is supposed that with ideal rates of quenching for a steel 
containing 1*65 per cent, of carbon the mass would be retained in the state 
of non-magnetic y-iron solid solution. 


17 
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On comparing the constitution of manganese steels (fig. 212) with fig. 21! 
it will he observed that about 13*5 per cent, of manganese has the sam 
efiect in preserving the iron in y condition as 29 per cent, of nickel, or tha 
the ratio is 1: 2*14. This means that 1*0 of manganese has the same eSec 
in modifying the structure of steel as 2*14 of nickel, but it does not follow 
that the mechanical properties of such steels will be the same. They ma 
possess many similarities in this respect, but there are also marked difierencei 
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CHAPTER XXIIL 

ELECTRICAL CONDUCTIVITY AND CONSTITUTION. 

The study of the electrical conductivity of metals and their alloys at varying 
temperatures, and after different mechanical and heat-treatment has been 
undertaken by a large number of investigators. Whilst many of these have 
been conducted from the point of view of the physicist or electrical engineer, 
they have substantially contributed to our knowledge of the inner structure 
and constitution of metallic alloys, and are, therefore, of considerable direct 
interest to metallurgists. The examination of the influence of treatment 
and composition of alloys upon their electrical conductivity has indeed 
now become one of the metallurgists’ standard methods of investigation. 
For certain metallographical purposes this method is even more delicate than 
that of a thermal or microscopical examination. This is more especially 
the case when we come to consider some of the more subtle changes which 
may take place when such constituents as solid solutions are heated or cooled. 
Under these conditions changes of a progressive nature may occur, such 
as the decomposition of a compound into its constituents, or depolymerisation 
of a compound that is held in solid solution. Transformations of this kind 
will not give rise to any well defined thermal disturbance, and the internal 
rearrangement would naturally be of molecular dimensions, and consequently 
far beyond the powers of the microscope. Still there are good reasons for 
believing that progressive changes of this kind often take place in alloys, 
and equally good grounds for considering that they exert a profound influence 
upon the physical properties of the mass. 

For the purest metals it is known that for all but the very lowest tem¬ 
peratures the conductivity is inversely proportional to the absolute tem¬ 
perature. For exceedingly low temperatures, approximately those of liquid 
helium, the resistance in certain cases is almost zero. Therefore, the 
resistance falls almost in proportion to the fall in temperature until a certain 
low critical temperature is reached after which the decrease in resistance 
becomes very much more rapid. 

The transport of electricity through metals is explained by Sir J. J. 
Thompson ^ as follows :— 

‘"We will suppose that each atom of the metal contains an electrical 
^jpole—the electrical analogue of the molecular magnet. The molecular 
magnet consists of equal and opposite magnetic poles separated by a short 
distance. The electrical dipole consists of equal and opposite electrical 
charges at a short distance apart, the negative charge being an electron. 
These dipoles, if acted upon by an electrical force, will set themselves along 
the lines of electric force in the same fashion as the magnets along the hnes 
of magnetic force ; the result will be the same as if a certain fraction pointed 
^ “ May Lecture,” Institute of Metals, 195, vol. ii. 
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in the direction of the electric force, while the renuuinier pointed iiuliflerentl} 
in all directions. We thus shall have in the substance a nunilM^r of chaiiiH 
of atoms. , . . The doublets in the atojus will produce intense electric 

forces in their neighbourhooch and these forvm will tend to drag the electrons 
out of one atom into tlie other, 'Fhe force winch drugs the electnms out 
is due to the pull exerted by the atoms in its neighbourhood, and so does 
not depend on the magnitude of the eleetritt force.’' In tin* course of tlie 
lecture this view is developed, and a mathematical explaniition is given for 
the very rapid increase in the conductivity that oceurn when ini*tai!s are 
cooled below' certain low critical temperatures. 

It seems highly probable that, with some slight modification. Bir J. J. 
ThompBon's views in this connection might provide the exphinafion of the 
peculiarly ra]>id decrease in the ele.ctri<*al conductivity wliich oreiirti when 
small quantities of an element are held in solid solution hy a metiil, iind the 
relatively much smaller decrease which takes place (per unit of addeii element) 
when larger quantities of the sante substance are in sedution. 

As regards the electrical resistivity of iron the lowest va!uf*i4 wliiidi litivt* 
been experimentally determined are from 9-0 to 9-7 microhms per cm®. 
It is, however, necessary to note that exceedingly small quantifies of certnin 
impurities present in iron or even in any other metal have a marked efb*ct 
upon the conductivity, and this fact makes it extremely rlifiknilt to obtnin 
a reliable experimental value for the pure metal. Beneclic*k^. who has given 
considerable attention to this matter, by extrapolation, evahiatf» the elect rim I 
resistance of the pure metal iron at 7*6 microhms per cm®. Thin figure is 
considerably low’er than the lowest that has been observed, but, as indicatei! 
by Benedicks,^ if we take, the figure of 9*7 microluas per cm.® obtiiini*d by 
W. IL Preece,® the diilerence betw'cen thi.s ami the theoretical figure wcuild 
be accounted for by the presence of ()*(N)7 ])er cent, of hydrogi'u in the met ah 

Among the more important papers chnding with the resistance of iron 
and steel at high temperatures are those* by J. Hopkinson ® II. Le (‘hntelier* 
and Boudouard/^ The last investigator finds that the ctirve depicting the 
electrical resistance of iron and of steels docs not lose its piiraholic form 
between the ordinary temperature and that at which the thermal transfor¬ 
mations begin to occur. But from B(Kf il onwards tliey become linear. 
For carbon steels the following equations represent the facts above 8CMf 


Steel with 0*205 per cent, carbon. . 
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In the case of the specimen of iron which Boudouard examinetl the three 
following linear equations are given as corresponding with the resulii 

^ “ Th^a© poiur le fkKstorat/* ll|«aia, HMW, 

* Rtqwrt British Aseo©., Manchester, 18B7, p. 609. 

^ Phil. Tram,, ISO : I (1889), p. 449, 

* C(mpi€0 Mendm, 126 (1898), pp. 1709, 1782 
® Journ. Irm and Hieel Jmt,, HKKi, i., p 29!1 
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From 655° C. to 775° C., . R 51-9 + 0-189^. 

From 781° C. to 875° C., . . R = 39*3 + -OTU. 

From 896° C. to 1,170° C., . . , , R = 74-4 4- -OSU. 

Burgess and Kellberg ^ have examined the resistance of pure iro 
temperatures between 0° and 950° C. The results show that the resist 
of iron increases at a gradually increasing rate until the neighbourhoc 
the first critical region (A2) is reached. This region is characterised 
point of inflection on the resistance temperature curve at 757°. Wi 
further increase of temperature an abrupt fall in the resistance occu: 
about 894° C., and the reverse change takes place at approximately; 
same temperature when the temperature is allowed to fall. This se 
critical region (A3) extends over an interval of 25° C. 

A great number of investigations have been made on the electrics 
sistance of alloys, at the ordinary temperature, in relation to the chei 
composition and structural constitution. Amongst these should be menti 
those by Matthiessen,^ Johnson,^ Hopkinson,^ Osmond,® Stead,® Ebe’ 
Mathews,® and, more especially, those by Le Chatelier,® Barrett, Bi 
and Hadfield,^® Barns and Strouhal,^^ Benedicks,Campbell,^® Swine 
Maurer,^® Portevin,^® Eournel,^’' and Saldau.^® 

The results of FourneFs investigations are embodied in Table XLVII, 


TABLE XLVII. 


Composition. 

1 

Transformation Point, j 

Porraul£e of the Straight Lin€ 
Increase of the Electric Resista 
at Temperature above 900® C 

C 

Si 

Mu 

Ara 

Ar2 

Ari 

•08 

•24 

•43 

880 

775 


Rf = R900 (1 4 3-3 x 10- 

•U 

•02 

•35 

890 

780 

670 

Rf = R900 (1 4 3-3 x 10" 

•22 

•33 

•57 

790 

740 

695 

m = R900 (1 4 4-3 X 10- 

•37 

•126 

•47 


730-770 


Rf = R900 (1 4 3-8 x 10“ 

1-05 

? 

•25 


730-770 


Rf = R900 (1 4 4-0 X 10- 


^Journ. of the WasMngto7i Academy oi Science, 1914, vol. iv., pp. 436-440. 

2 Phil. Trmis., 1858, 148, 383; 1860,150,161. Phil. Mag., 1861 (iv.), 21,107; 

22, 195. Matthiessen and Vogt, Phil. Trans., 1864, 154, 167. Phil. Mag., 1862 

23, 171. 

® Chemical News, vol. xliv., 1881, p. 178. ^ Phil. Tracis., 1889, vol. clxxx., ] 

5 “ Rapport de la Commission des Mdthodes d’Essais des Materiaux de Construe 
Oct. 1892. 

« Journ. Iron and Steel Inst., 1895, No. 1, p. 77. 

’ Zeit fiir Instrumentenkunde, vol. xvi., 1896, p. 87. ^ 

8 “ Metallic Conduction and the Constitution of Alloys.’* , 

® Comptes Rendus, vol. exxvi., 1898, pp. 1709, 1782. Contribution a Vmui 
Alliages, 1901, p. 316. 

Scientific Transactions of the Royal Dublin Society, vol. viii., (2) 1902, p. 1. 
Bulletin of the United States Qedogical Survey, vol. ii., 1885, p. 593. 

^2 These pour le Doctoral, Upsala. 

Journ. Iron and Steel Inst., 1915, No. 2, p. 164. 

Journ. Iron and Steel Inst., 1909, No. 2, p. 223. 

Revue de M4tallurgie, vol. v., 1908, p. 711. 

Iron and Steel Inst. Carnegie Research Memoirs, 1909, 

Comptes Rendus, 1906, vol. 143, pp. 46, 287. 

Carneaie Memoir Iron and Steel Inst., 1916, vol. vii., p. 195. 
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From 655° C. to 775° C., . R = — 51-9 4- 0-189i. 

From 781° C. to 875° C., . . . . R =: 39*3 + *071^. 

From 896° C. to 1,170° C., . . , R = 74-4 4- -OSU. 

Burgess and Kellberg^ have examined the resistance of pure iron at 
ternperatures between 0 ° and 950° C. The results show that the resistance 
of iron increases at a gradually increasing rate until the neighbourhood of 
the first critical region (A 2 ) is reached. This region is characterised by a 
point of inflection on the resistance temperature curve at 757 °. With a 
further increase of temperature an abrupt fall in the resistance occurs at 
about 894° C., and the reverse change takes place at approximately the 
same temperature when the temperature is allowed to fall. This second 
critical region (A 3 ) extends over an interval of 25° C. 

A great number of investigations have been made on the electrical re¬ 
sistance of alloys, at the ordinary temperature, in relation to the chemical 
composition and structural constitution. Amongst these should be mentioned 
those by Matthiessen,^ Johnson,^ Hopkinson,^ Osmond,^ Stead,® Ebeling,’ 
Mathews,^ and, more especially, those by Le Chatelier,® Barrett, Brown, 
and Hadfield,^® Barns and Strouhal,^^ Benedicks,Campbell,^® Swinden,^^ 
Maurer,’-® Portevin,’-® Fournel,’-'^ and Saldau.’^® 

The results of Fourners investigations are embodied in Table XLVII. 


TABLE XLVII. 


Composition. 

.___ „ . 

Tranaforraation Point. 

Formulae of the Straight Line 
Increase of the Electric Resistance 
at Temperature above 900“ C. 

C 

Si 

Mu 

Ai'a Ar2 Ari 

•08 

•24 

•43 

880 775 

Ri = R900 (1 + 3-3 x 10“^ t) 

•11 

•02 

•35 

890 780 670 

Pit = R900 (1 + 3*3 X 10-^ t) 

•22 

•33 

•57 

790 740 695 

Rf = R900 (1 + 4-3 X 10-4 C 






•37 

•126 

•47 

730-770 

R< = R900 (1 + 3-8 X 10-4 f) 

1*05 

? 

•25 

730-770 

nt = R900 (1 + 4-0 X 10-4 t) 


^Journ. of the Washington Academy oi Science, 1914, vol. iv., pp. 436-440. 

2 Phil Trans., 1858,148, 383; 1860,150, 161. Phil Mag., 1861 (iv.), 21,107; (iv.), 

22, 195. Matthiessen aixd Vogt, Phil Trans., 1864, 154, 167. Phil Mag., 1862 (iv.), 

23, 171. 

3 Chemical News, vol. xliv., 1881, p. 178. * Phil. Trans., 1889, vol. clxxx., p. 443. 

s “ Rapport de la Commission des M4thodes d’Essais des Mat6riaux de Construction,*' 

Oct. 1892. 

« Journ. Iron and Steel Inst., 1895, No. 1, p. 77. 

’ Zeit fur InstrumentenJcunde, vol. xvi., 1896, p. 87. - - 

s “ Metallic Conduction and the Constitution of Alloys.’* , 

» Comptes Rendus, vol. cxxvi., 1898, pp. 1709, 1782. Contribution a Vmude des 
1901, p. 316. 

Scientific Transactions of the Royal Dublin Society, vol. viii., (2) 1902, p. 1. 

Bulletin of the United States Geological Survey, vol. ii., 1885, p. 593. 

^2 These pour le Doctoral, Upsala. 

Journ. Iron and Steel Inst., 1915, No. 2, p. 164. 

Journ. Iron and Steel Inst., 1909, No. 2, p. 223. 

Revue de Mitallurgie, vol. v., 1908, p. 711. 

Iron and Steel Inst. Carnegie Research Memoirs, 1909. 

Comptes Rendus, 1906, vol. 143, pp. 46, 287. 

Carneaie Memoir Iron and Steel Inst., 1916, vol. vii., p. 195. 
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Fournel <*oncIu(lc<l that the rine in the t^leetrical reaiBtance at teinperatiires 
above 9(X)‘‘' V, proceeds in accordance with tlie straight line forniwla 
= R 900 (l + a/) in which a varies for the different steels. 

Saldau lias made an extremely valuable aeries of determination of the 
electri(*al resistance of Kahlhaum iron and carbon stiads at temperatures 
up to 1,1(K)® C. The results for iron are given in Table XIAlIL, and ph>tted 
in fig. 216. 



'Fig. 216. —Kahlbaura Iron (the Firat. Heating in the Kitmmn Qm), 

As the total impurities in this iron was only *047 per cent., consisting 
of carbon, *019; manganese, *025; silicon, *006; phosphorus, *012; and 
sulphur, ‘004 per cent., and the determinations were made in an atmosphere 
of nitrogen, this data is probably the most reliable so far obtained. The 
electrical resistances of the various carbon steels, after being hardened from 
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IVKI 1*., *JX)' i\, and 950'" C'., are plotted in fig. 217. From these curves it 
will seen that the resistivity ol the sample containing -89 per cent, of 



earboii ii rtlmliv«ly higher than the sample on either side of that 
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TABLE XLVIII. 


oJ 

PJ 

cd 


Kahlbaum Iron. 




Kahlbaum Iron. 


Resistance, 

Conductivity, 

1 

U 

a 

Resistance, 

Conductivity, 

0 

A 

S 

0 

« X 

10». 

K= 

-xio--*. 

a> 

cu 

S 

( X 106 1 


X10-*. 

•H 

During 

Heating. 

During 

Cooling. 

During 

Heating. 

During 

Cooling, 

E-i 

During 

Heating. 

During 

Cooling. 

During 

Heating. 

During 

Cooling. 

25 

10-457 

10-920 

9-563 

9-158 

760 

98-855 

104-260 

1-012 

0.-959 

100 

15-084 

15-846 

6-630 

6-311 

770 

101-380 

106-330 

0-986 

0-941 

150 

17-737 

19-893 

5-638 

5-027 

780 

104-350 

109-130 

0-958 

0-917 

200 

20-978 

24-310 

4-767 

4-114 

790 

105-520 

110-470 

0-948 

0-905 

250 

25-210 

28-270 

3-967 

3-537 

800 

106-600 

111-730 

0-938 

0-895 

300 

29-800 

32-772 

3-356 

3-051 

850 

111-910 

116-410 

0-894 

0-859 

350 

34-933 

38-354 

2-863 

2-607 

880 

114-880 

118-580 

0-870 

0-843 

400 

41-236 

44-116 

2-426 

2-267 

890 

115-960 

119-110 

0-862 

0-840 

450 

47-988 

50-508 

2-084 

1-980 

900 

117-040 

119-650 

0-854 

0-836 

500 

54-740 

57-621 

1-827 

1-735 

910 

118-120 

120-100 

0-847 

0-833 

550 

62-123 

64-374 

1-610 

1-553 

920 

119-200 

120-660 

0-839 

0-829 

600 

70-225 

72-027 

1-424 

1-388 

930 

120-200 

121-000 

0-832 

0-826 

650 

78-510 

80-850 ’ 

1-274 

1-236 

940 

121-100 

121-270 

0-826 

0-825 

680 

83-550 

85-712. 

1-197 

1-167 

950 

121-360 

121-540 

0-824 

0-823 

690 

85-442 

87-692 

1-170 

1-140 

960 

122-170 

122-260 

0-819 

0-818 

700 

87-152 

90-032 

1-147 

1-111 

1000 

122-720 

122-800 

0-815 

0-814 

710 

88-862 

94-265 

1-125 

1-061 

1020 

123-250 

123-430 

0-811 

0-810 

720 

90-662 

96-334 

1-103 

1-038 

1050 

124-060 

124-430 

0-806 

0-804 

730 

92-464 

98-315 

1-082 

1-017 

1080 

124-880 

125-300 

0-801 

0-798 

740 

750 

94-445 

96-514 

100-300 

102-280 

1-059 

1-036 

0-997 

0-978 

1100 

125-420 


0-797 



The relations between conductivity and constitution have been specially 
studied by Le Chatelier, loc. cit. The researches of this investigator enabled 
him to subdivide alloys into three general groups according to their 
structural constitution. The laws he enunciated may be described as 
follows :— 

1st Group ,—Alloys in which the components are mutually insoluble in 
each other in the solid state. 

In systems of this kind the electrical conductivity is a linear function 
of the volume concentration of the two components. Guertler ^ has shown 
that this law is sometimes not strictly correct, for the conductivity may be 
seriously influenced by the manner in which the separate constituents are 
distributed throughout the mass. For example, in the case of the copper- 
bismuth alloys which fall into this group as regards constitution, the con¬ 
ductivity is very far from being a linear function of the volume concentration. 
In this instance, with the addition of comparatively‘small quantities of 
bismuth, the conductivity rapidly falls to the value for bismuth. This, 
however, is due to the fact that the crystals of copper become completely 
surrounded by bismuth, and when this occurs the resistance of the mass is 
1 Zeit. fur arwrgtmische Chemie, 51 (1906), 397 ; 54 (1907), 58. 
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ually governed by that of the element which exists at the boundaries 
he crystals. 

2nd Group. —Alloys in which are formed a continuous series of solid 
Ltions from one end of the system to the other. 

The conductivity curve of alloys belonging to this group takes a U-shaped 
Uj showing that the effect of adding either one of the elements to the other 
rst to produce a very rapid decrease in the conductivity which continues 
il a certain limiting and comparatively low percentage of the added 
cent is reached, after which further additions produce a lowering of the 
v'e which is infinitely less than was first obtained. 

h'd Group. —Alloys in which there is a limiting range of solid solutions 
sach end of the system. In this case the same rapid fall in conductivity 
Dund at each end of the diagram as for those mixtures in group 2, with 
uaight line from the points corresponding with the saturation limits of 
two solid solutions. 

The InfLuence of other Elements upon the Electrical Resistance of Iron .— 
m a consideration of the data previously published and experimental 
lence obtained by himself, Benedicks has shown that the resistivity 
ron depends upon the amount of impurity held in solid solution by the 
i. Further, he advanced the theory that the influence of an impurity 
the resistivity followed a definite law, and was inversely proportional 
he atomic weight of the dissolved element. That is to say, equi-atomic 
.tions of different impurities have the same electrical resistance. This 
holds for a very wide variety of steels containing carbon, aluminium, 
on, phosphorus, chromium, manganese, cobalt, nickel, arsenic, molyb- 
um, and tungsten, elements which vary in atomic weight fron 12 to 184. 
Benedicks’ formula, expressing the resistance of steel at the ordinary 
perature, is:— 

E. = 7*6 + 26-8 2 C microhms per cm^, 


re 2 C is the carbon value ” of the amount of the element present, 
ch is found as follows ;— 


vn n , 12-0 , 12*0,, , 12 ,, , 


According to this equation we find that 1 atom of an element dissolved^ 
,00 atoms of iron increases the resistance of iron by 5*9 microhms per 
Benedicks states that it is difficult to fix the upper limit ofcom- 
tion to which the above formula can be applied, but that it is probably 
;ter than 2 C = 2*0 per cent., and less than 3*0 per cent. Or, in other 
ds, it will probably not be applicable to concentrations greater than 
tom dissolved in 8 atoms of iron. This is exactly what would be 
cipated from what is known regarding the relationship between re- 
vity and solid solutions (see Le Chatelier’s 2nd law) which indicates 
} Benedicks’ formula applies to the steep branches of the U-shaped con- 
fivity curve. For special alloy steels Portevin^ has shown that the 
formula is inapplicable if the carbon equivalent of all elements, other 
1 iron, exceeds 2 or 3 per cent. 

'^Journ. Iron and Steel Inst. Carnegie Memoir, No. 1. 1909. 
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An examination of the figures given in Table XLIX., which is taken 
from Benedicks’ paper, indicates how closely the values calculated by means 
of the above equation agree with those that have been experimentally 
determined. The letter q means that the samples have been quenched. 

TABLE XLIX. 


Elements in Solution. 

Electrical Resistance 
Microhms per Cms. 

Carbon as 
Cementite. 

Carbon in 
Solution. 

Silicon in 
terms of 
Carbon. 

Manganese 
in terms of 
Carbon. 

2C. 

Determined 
' Resistance. 

Calculated 

Resistance. 


•08 

•013 

•028 

•121 

10-5 

10-8 

• • q 

*08 

•013 

•028 

•121 

10-9 

10-8 

1*43 

•27 

•034 

•063 

•367 

17-7 

17-4 

1-23 

•27 

•051 

•063 

•384 

17-9 

17-9 

0*63 

1 *27 

•118 

•089 

•477 

20-2 

20-4 

0-93 

•27 

.•127 

•096 

•493 

20-9 

20-8 

1-08 

•27 

•110 

•118 

•498 

21-6 

21-0 

0*18 

•27 

•274 

•07d 

•620 

23-9 

24-2 

0-28 

•27 

•363 

•096 

•729 

27-6 

27-2 

.. q 

•45 

•274 

•076 

•800 

29-0 

29-0 

.. q 

•55 

•363 

•096 

1-009 

34-4 

34-6 

.. Q 

•90 

•118 

•089 

1-107 

36-9 

37-3 

(0-13) q 

1-20 

•127 

•096 

1-423 

42-1 

(45-7) 

(0-21) q 

1-35 

•no 

•118 

1-578 

44-4 

(49-6) 

.. q 

1-35 

•no 

•118 

1-578 

49-6 1 

49-6 

.. q 

1-50 

•051 

•063 

1-614 

50-6 

50-8 


It is by means of extrapolating this and other similar data that Benedicks 
has evolved the theoretical resistance of 7*6 microhms per cm^ for pure 
iron. Even in annealed carbon steels Benedicks considers that when the 
total carbon is above *5 per cent., the ferrite holds approximately *27 per 
cent, of carbon in solid solution. This interesting conclusion, which is 
supported by the resistivity determinations, would appear to indicate that 
the ferrite which is deposited directly from the gamma-solid solution as 
alpha-iron will more readily hold carbon in solution than when it is formed 
as a result of the = a transportation. 

It is by pressing forward research along lines similar to those suggested 
by Benedicks’ work that we may hope to arrive at a much better conception 
of the nature of solid solutions and the changes which they undergo when 
heated. This is a most fascinating theoretical subject, and, moreover, as 
steel consists of solid solutions during the larger part of the time they are 
being rolled, forged, or heat treated, any advance which can be made in 
this direction should be advantageous to steel users. 

From physico-chemical considerations, Juptner ^ has calculated that 
carbon when present in steel in the form of a solid solution at temperatures 
of 900° C., or over, exists with the molecular formula (Fe 3 C) 2 , but that as 

^Journ, Iron and Steel Inst, 1898, No. I., p. 204, and 1898, No. I., p. 235. 
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the teiiipemture m lowered to a point just before the Ar^ change, it takes up 

the more complex ftn*m V 

Campbeli * lias studic'd tiiis problem in quite a different way, and arrived at 
the same eon(‘!imion. iiia metliod was to analyse the gases which are evolved 
wlien hardened and annealed steels are dissolved in hydrochloric acid. 

In this work it was found that the greater part of the carbon in annealed 
steels is evolved as IVUio? associated with and C 2 H 0 ; in quenched 
steel t!ie bulk of the carbon c^omes off as the lower member of the series. 
As the kind of Iiydrocarhon formed must have a direct relationship with 
the molecular complexity of the carbide in the steel, it is necessary to con- 
sifhT that the ciirlnm in solid solution is present as (Pe 3 C) 2 , and that when 
this is de|Hi,Hitc‘d fnun solution it polymerises, giving the formula {FegC)^ 
for cementitii of annealed steels. 

Ancittier argument whicli Campbell advances in favour of the view that 
the inm carbidi* in steel varies in molecular aggregation, is the behaviour 
of steel towfinls nitric! acid. In the well-known colorimetric method for 
determining carlauu it is rec’ognised that in order to obtain reliable results 
it is !i«(i‘ssary that !)oth sample and standard should have been subjected 
tn the Slime heat treatment. If there*werc only one carbide of iron, it is 
liitnl to tinders!iincl why tlia depth of colour obtained by dissolving in nitric 
acitl should not be directly proportional to the carbon present. 

It was !il«o suggested by the same investigator ^ that the carbide, after 
firs! going into solution at Ac, as might be further depolymerised 

info the simple as the temperature is raised to a considerably higher 
degree. At a still later date* h(‘ was able to obtain experimental evidence 
wit li regard to t he e!i*i*trical resistivity of a series of steels after being quenched 
from Htei' i \ and I, HKI ‘ Cl, which very strongly suggests, if it does not actually 
prove, that some kind of molecular dissociation occurs when steels are heated 
iilKive tlic Ac, change. The data obtained in this way for the resistivities 
of the <|ueiic‘lied and subsequently tempered samples are given in Table L. 

TABLE L.—HcKciFit: Rehistan(u? in Miceoems peb cm». 









HU-el Qu<miebe<l from 

aD2^ C. reheated 

to 





Qmm'hrsl 













|wr 


tmm 

lliili* i‘. 

from 

«iri 4*. 

las 

•0. 

195 

"A 

205* C. 

4(xrc. 

c. 

600® C. 

700 

“C, 

800 

•c. 

41 

04 


11 

12 

10 

94 

10 

'Bl 

10-83 

10*78 



i 

78 

10 

70 

0 

:io 

lfl-48 

10 

13 

16 

55 

14 

96 

13-86 

13*55 


12*84 

12 

64 

13 

20 

it 

M 

IH46 

17 

59 

10 

•07 

n 

05 

15*11 

14*86 

14*37 

14*25 

14 

•27 

14 

•51 

il 

41 

20‘06 

IK 

91 

17- 

■79 

16 

94 

15*09 

15*13 

14*82 

14*51 

14 

•47 

14 

•98 

0 

'.W 

n-m 


31 

IE 

•92 

17 

•BO 

16*24 

15*60 

16*02 

14*71 

14 

•67 

15 

•11 

0 

‘!I4 

35 

95 

27' 

•97 

22 

ESI 

19*42 

18*37 


16*05 

16 

•19 

17 

•23 

1 

04 

IH'43 

41 

92 

33' 

'02 

26 

■73 

21*82 

20*62 

19*92 

19*60 

19 

•03 

m 

Ksl 

2 

•71 

m-73 

52' 

•f»9 

42' 

'66 

32 

•49 

27*41 

26*17 

24*94 

24*21 

22 

•57 

20 

•82 


• imn and Steel imL AfmlbgmphiBU voL iii, p. S2, and Journ. Iron and SUd 

BMW. lit, p. 3IS 

• irari and Skd imL Journ,, 1908, iii., p. 313. 

• iron imt, Jomn., 1916, it, p. 104. 
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It will be seen that the samples quenched from the higher temperature 
give a higher electrical resistance than the same steels when quenched from 
892^' C, The only reasonable explanation whi<*h can at present be advanced 
to account for this increased resistance appears to be that tiie carbide 
molecules become less complex as the temperature is raised, and that the 
time taken tluring cooling by ({uenching is insullicient for them to re-associate. 
Thus, although the chemical composition of the steel remaiiw unaltered, 
heating to high temperatures increases tlie nuniber of molecules in solution, 
and the cpienching operation more or less completely fixes that condition. 
In the disemssion on a paper by (^impbcdld MT'ance says “ If the molecular 
weight of (FegG)j^ in solution varied with the temperature, its value at the 
melting point would be different from its value at Ar^. Th<» depression at 
the freezing point at once gave a method of estimating N at those teiiipc*ra- 
tures, and the figures as declueed from the results of C'arpenter and Ke<*ling 
were given in Table. LL (the value of <> for was taken as 3*2 X 56), 

TABLE LL 



1 Latent Htsat. 1 


ArtniU 

Oftprrisam, 

Am 

i 

Tt»i»iip|raturt* 

— 


o'leT'" 

a-*). 

N 


Q 





1,505 

1 

. 1,120 

0-4H 

29*1 

143 

2-03 

1 

j IKM) 

j 179 

ail. 

154-0 

80-0 

1 -93 



1 i 

.....-.. ' 




t;arbon in Ropamting Roli(i 
total carbon 


“The carbon in solution in iron between 7(KL and f, 5 fKr (^. hmL 
therefore, a (‘onstant molecular weight corresponding to the formula (Fe^Lls* 
and thus strengthened the conclusions drawn from the examination (ff the 
electrical resistance.” 

In discussing Honda’s paper M‘Gance^ also says:- “ In steels which 
have the A 2 and A 3 points separate the a to y crystalline change A 3 took 
place between the non-ferromagnetic a state and thc‘ y state, and it absorbed 
a certain amount of heat energy. The value of that <mergy, Q, liati been 
found by the following observers to be 


Osmond, 3*8 grain calories, (JowpteH EaiduH, vol. dii., ]q>. 743 and 1135 ; 
Stansheld, 2*86 grain calories. Iron and tSireUmirn,, IHHff No. IL, p. 169; 
Meuthen, 3*(X) grain calories, Fernim, 1912, p. I— 


giving a mean value of 3*2 calories. If it were assumed that carbon in 
solution was diatomic, the (lepression of the A 3 point for a ctuu’eniration 
of one molecule per cent, was- • 


2 A 


0*02 T^ , 

Q • ^ 


77“ a. 


^Journ. Iron, and Vieri InM., 1915, No. 2, p. 178. 
^Journ, Iron undated /rwC, 1915, 2. 
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“ For steels in wMcli Ag and Ag were merged, tlie a to y crystalline change 
now took place between the ferromagnetic a state and the y state, and, in 
addition to the above energy Q, there must be added the energy to de¬ 
magnetise. If I equalled the intensity of magnetism just before the change, 

N12 

the heat equivalent of this magnetic energy was Q (mag.) = - - j p , where 

N was Weiss’ constant, J Joule’s equivalent, and D was the density. In 
calculating now the depression of the change point, a new value, Q^, must 
be used, which was the sum of Q and Q (mag.). The value of the latter was 
given in the table below. 

TABLE LII. 


Temp. 

Intensity”. 

Q (mag). 

0} 

Depression (A)’ 

752 

200 

0-23 

3*4 

55° 

742 

400 

0-93 

4*1 

4:5° 

732 

600 

2-10 

5-3 

34° 

716 

800 

3-74 

6-9 

25° 

700 

920 

4-95 

81 

21° 


‘‘ On these assumptions a theoretical diagram could be drawn which was 
shown in fig. 218, and experimental results were placed on the same diagram 
to show that they were evenly distributed on both sides of the curve.” 

It is quite possible that the views held by Campbell and M'Cance are 
both fundamentally correct, and that at temperatures between, say, 700° 
and 900° C. the carbon is present as carbide in the form (Fe 3 C) 2 , and that 
as the temperature is raised this carbide first dissociates into FcgC, as 
(Fe 3 C )2 = 2 Fe 3 C, and when this reaction is completed the carbide, FcgC, 
is decomposed as follows:—2Fe3C = 6Fe + The latter reaction being 
quite complete by the time the metal is liquid. 

Working in an entirely difierent direction. Greenwood, Kikkawa, and the 
author ^ obtained certain results with a chromium steel which only appear to 
be explicable on the grounds that some kind of molecular dissociation occurs 
at high temperatures. These relate to the influence of varying initial tem¬ 
peratures upon the critical cooling velocities.of a steel containing 6-15 per 
cent, of chromium and *63 per cent, of carbon. It was found that when 
this steel was heated to and cooled from 900° C. the critical cooling rate—z.e., 
the rate at which the carbide change just begins to be suppressed over the 
range of temperature 836° C. to 546° C.—was a little less than six minutes; 
but when the initial temperature was raised to 1^200° C., the critical cooling 
rate, again measured from 836 to 546° C., was nearly 13 minutes. Tentatively, 
the authors suggested that the observed differences were due to the chromium 
carbide first going into solution at the Acj as (Cr 3 C 2 ) 2 , and that this carbide 
is progressively dissociated into Cr 3 C 2 as the temperature is raised. When 
the steel is again cooling these molecules only slowly re-associate, and thus 
the molecular effect of the dissolved chromium carbide is greater as the 
initial temperature and molecular dissociation increase. This increased 
^Journ. Iron and Steel InsL^ 1915, ^> 0 '. 2, p. 114. : 
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number of molecules in solution then enable the carbide point to be more 
readily suppressed. In an interesting investigation on the niapietie change 
points of chromium-carbon steels, Tainejiro Muralsamid whilst accepting 
the idea that dissociation occurs in these steels as the temperature is raised 
in the solid solution range, considers that tin* reaction whicli takes place is 
expressed by the ecf nation 


6Cr. 



Fig. 21$, 

It seems very probable that the exact kind of reaction which occurs in 
these or any other series of steels can be determined by making an extensive, 
series of resistivity observations with a wide variety of steels for each system, 
after being (juenched from different initial tem|>eratures. With this hoi>ei 
in view Mr. Norbury and the author have commenced siicdi an investigation 
for chromium-carbon steels, ainl nickel-carboii steels. In considering a 
problem of this kind it is necessary to bear in mind that the elect rical resistance 
of a steel is not only governed by the quest i«in as to whether the carbon has 

^Scierm Bepmri$ of iM T4hoku /mperial UnktrsH^f vnh vii.. Xfi. p, 217. 
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gone into solution when the temperature has passed the Ac^ point, oi any 
dissociation which may subsequently occur on further heating, but also by 
the rate of cooling. If the cooling rate is not sufficiently qiuck to completely 
prevent the separation of carbide the results obtained for resistivity would 
be misleading from the point of view of a theoretical discussion. In this 
connection it may be useful to examine the results obtained by H. Le 
Chatelier. Thus, with a steel containing 0*84 per cent, of carbon he obtained 
the following results :— 


Quenching temperature, 710"" 740"^ 850° 1,000°. 

Resistance before quenching _ 

Resistance after quenching - ^ ^ 


From these figures it may be concluded that it is not until the quenching 
temperature of 810° 0. has been reached that the carbon is retained in solution 
under the conditions of quenching that were used. Further, even though the 
temperature may be above the Ac^ change, it is necessary to allow sufficient 
time for the carbide to be completely taken into solution. 

In an exhaustive treatise on special ternary steels, Portevin^ devotes 
a large section of his paper to the study of electrical resistance. Amongst 
other steels he has determined the resistances, in the untreated and hardened 
states, for the systems—nickehcarbon iron, chromium-carbon iron, and 
tungsten-carbon iron. As the data for these steels is so useful and complete, 
it is reproduced in Tables LIII. to LV., and an attempt is made to give 
a brief summary of Portevin’s more important conclusions. 

Nickel Steels. —The results for these steels are given in Table LIII. 
In regard to the hardened samples it should be noted that the quenching 
temperature was 975° C., the time of heating at that temperature, and the 
temperature of the quenching bath 15° C. Concerning the results for the 
very low carbon series. Table LIII., these may be divided into three 
groups— 


1 st. Those containing up to 10 per cent, of nickel, and which are con¬ 
sidered to contain the structural constituents ferrite + pearhte. The 
resistance increases with the percentage of nickel, and further increases on 
hardening. 

2nd. The martensitic series with 10 to 27-.0 per cent, of nickel. The 
resistance increases slightly with the percentage of nickel, but is scarcely 
influenced by hardening. 

3rd. With the so-called austenitic steels, with more than 27*0 per cent, 
nickel, the resistance rapidly increases up to 30 per cent, of nickel, but is 
slightly lowered by hardening. 


In the case of the second series. Table LIII., which contains medium 
percentages of carbon, the resistivity varies in the same manner as those 
just described, with the exception that the ranges of composition are different 
thus— 


Nickel per cent. 
0*0 to 7«0. 
7*0 to 26*0. 
Over 26. 


Structure. 

Ferrite pearlite. 

Martensitic. 

Austenitic. 


^Journ. Iron and Steel Inst Carnegie Memoir, No. 1,1909. 
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For tlie high carhon steels the same characteristic features are observed 
as for those just considered, but the limiting ranges for nickel are— 


Nickel per cent. 
0-0 to 5-0. 
5*0 to 15*0 
15-0 and over. 


Structure, 

Ferrite 4* pearl ite. 

Martensitic. 

Austenitic. 


Benedicks’ formula only applies when the nickel content is less than 
2’0 per cent. 

TABLE LIII.—- Electrical Eeststance in Microhms per cm^. 


Carbon, 

Nickel. 

Silicon. 

Manganese. 

Normal 

Steels. 

Hardened 

Steels. 

0-07 

2*23 

0*070 

0*025 

16*6 

20*0 

0-12 

5-23 

0*046 

0-015 

22*2 

22-4 

0*12 

7-13 

0*050 

0*050 

24*9 

25-8 

013 

10*10 

0*100 

traces 

28*7 

28*6 

0-12 

12*07 

0*090 


30*1 

30*1 

0*11 

15*17 

0*020 

„ 

32*8 

32*5 

0*18 

20*40 

0*025 

» 

33*5 

33*3 

0*16 

25-85 

0*036 

» 

40*3 

37-8 

0-12 

30*00 

0*031 

ff 

82*4 

82*4 

0*21 

1*97 

0*030 

0-025 

17*7 

19*3 

0*20 

4*90 

0*043 

0-025 

23*7 

24-9 

0*23 

7*59 

0*081 

0*050 

25*4 

27*8 

0*21 

9*79 

0*015 

0*025 

32*0 

32*0 

0*22 j 

12*29 

0*014 

0*025 

34*9 

35*0 

0*22 

20*01 

0*052 

0*020 

44*7 

43*1 

0-23 

25*06 

traces 

0*020 

72*0 

73*2 

0*19 

27*87 

0*260 

0*025 

82*6 

82*6 

6*80 

2*20 

0*100 

0*107 

21*9 

36*6 

0*78 

4*90 

0*085 

0*092 

31*4 

46*2 

0*81 

7*09 ; 

0*100 

0*125 

37*0 

50*2 

105 

9*79 { 

traces 

0*097 

40*2 

51*7 

0*76 

12*27 1 

0*086 

0*092 

49-0 

55*2 

0*80 

15*04 

0*091 

0*060 

71*0 

70*6 

0*80 

20*01 

0*089 

0*020 

74*8 

70*8 

0-79 

25*06 

traces 

0*070 

80-4 

79*1 

0*81 

29*96 

0*139 

0*030 

85-4 

85*4 


Chromium Steels ♦—^Two series of steels were investigated, the first 
containing about *20 per cent, of carbon, and the second 0*8 per cent. The 
results are given in Table LIV. The hardened samples were heated to 
980°, maintained at that temperature for five minutes and quenched in 
water at 12 ° C. It is somewhat misleading to compare these steels with 
microstructure in the same way as the nickel series, simply because in the 
case of chromium steels the microstructures depend so much upon the 
temperature to which they are heated, and the rate at which they are 
afterwards cooled. 
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In the low carbon series it will be seen that the electrical resistance in¬ 
creases more or less steadily with the percentage of chromium up to about 
15 per cent., there is then a fall in the resistance as the chromium is raised 
to about 20 per cent., which is followed by another slight increase. The 
hardened samples give about the same values as the untreated ones, until 
there is 10 per cent, of chromium present, after which the former show a 
higher resistance than the latter. The maximum difference in this respect 
is manifest at approximately 15 per cent, of chromium. 

With the high carbon steels, the untreated specimens show an increased 
resistance until 14 per cent, of chromium is present, after which it practically 
remains constant. 

Hardening produces a marked increase in the resistance with steels 
containing up to approximately 15 per cent. Cr, but with higher percentages 
the values tend to become the same. 


TABLE LIV.— ^Electrical Eesistance in Microhms per cm^. 


Carbon. 

Chromium. 

Silicon, 

Manganese. 

Untreated 

Steels. 

Hardened 

Steels. 

0'06 

1-20 

0-700 

trace 

16-3 

18-0 

0'2B 

2*66 

0-050 

0-150 

29-7 

31-0 

0-21 

4-50 

6-232 

trace 

33-2 

^ 35-0 

0-07 

7*84 

0-120 


50-9 

53-0 

0-15 

10-14 

0-200 


49-7 

50-8 

0-17 

13-36 

0-270 


60-0 

66-6 

0'38 

14-52 

0-469 

99 

62-9 

69-7 

0*15 

16-71 

? 

? 

64-7 

68-1 

0-21 

20-06 

? 

? 

56-0 

57-7 

0-24 

25-31 

0-^6 

0-i08 

57-5 

60-2 

0*46 

31-75 

0-373 

trace 

63-7 

66-3 

0*86 

0-62 

6-243 

0-027 

23-1 

43-5 

0-97 

0-99 

0-221 

0-244 

25-8 

50-2 

0-89 

2-14 

0-280 

0-108 

27-8 

54-0 

0'79 

4-57 

0-420 

s trace 

29-4 

56-3 

0'84 

7-28 

0-409 

0-056 

39-1 

62-2 

0-75 

9-38 

0-885 

trace 

56-4 

66-5 

0*70 

13-94 

0-180 

0-240 

65-4 

72-5 

0-74 

14-54 

0-486 

trace 

66-2 

73-1 

0-90 

18-65 

0-745 

>» 

- 60-7 

68-3 , 

0-82 

26-54 

0-584 

jj 

67-1 

68-4 

0-92 

32-46 

0-469 

yy 

66-3 

67-5 

0-83 

36-34 

0-326 

yy 

65-1 

68-5 

0-80 

40-03 

9 


71-5 

73-5 


Tungsten Steels. —Portevin has determined the electrical resistances 
of a low and high carbon series of steels with varying tungsten content in 
the untreated and quenched condition, Tables LIV. and LV., whilst 
Swinden has made similar observation for a series in which the tungsten 
was constant at 3*0 per cent., with the carbon varying from 0*14 to 1*07 
per cent., Table LVL 


18 
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For tlie low carbon steels it will be seen that the resistance increases with 
the tungsten until about 7-0 per cent, of that element is present, and then 
remains almost constant up to 26*0 per cent, of tungsten. 

The resistivities of the quenched steels are practically the same as the 
untreated samples until more than 7*0 per cent, of tungsten is present, when 
the quenching produces a small increase. 

With the high carbon alloys the quenched specimens, containing up to 
10*0 per cent, of tungsten, give a considerably higher resistance than the 
untreated samples, but the difference in this respect becomes less as the 
tungsten is further increased. 


TABLE LV. —Electrical Resistance in Microhms per cm®. 


Carbon, 

Tungsten. 

Silicon. 

Manganese. 

Untreated 

Steels. 

Hardened 

Steels. 

0*12 

0*41 

0*035 

traces 

12*8 

13*8 

0*11 

0*93 

0*058 


13*5 

14*3 

0*11 

1*76 

0*036 


15*8 

17*1 

0*13 

4*96 

0*0.35 


19*5 

2M 

0*13 

6*90 

0*030 


23*3 

23*4 

0*17 

11*89 

0*046 

0*067 

20*9 

24*5 

0*20 

i4*37 

0*060 

traces 

22*6 

24*6 

0-22 

20*71 

0*139 

»♦ 

23*1 

25*3 

0*22^ 

24*35 

0*112 


25*3 

25*2 

0*28 

27*05 

0*139 

»> 

20*7 

25*8 

0*86 

0*40 

0*040 

0*027 

22*4 

39*1 

0*66 

0*95 

0*120 

0*054 

20*9 

39*6 

0*79 

2*75 

0*058 i 

0*054 

24*3 

40*9 

0*33 

4*68 

0*140 ! 

traces 

28*1 

41*2 

0*81 

9*99 

0*093 


26*9 

39*5 

0*71 

14*75 

0*117 1 


26*5 

32*3 

0*74 

19*25 

0*006 


25*3 

31*0 


TABLE LVI.—^Db. Swinden’s Results. 


Carbon. 

Tungsten, 

Silicon. 

Manganese. 

Untreated 

Steels. 

Hardened 

Steels. 

*144 

3*25 

•044 

*065 

17*3 

19-24 

•218 

3*24 

•050 

*071 

17*5 

19^33 

•27 

2*92 

*027 

•170 

17*6 

20*20 

*48 

3*11 


*075 

18*87 

23*87 

*53 

3*18 

•033 

•140 

18*4 

25*64 

•57 

3*17 

•078 


18*6 

26*68 

*89 


•039 

•093 

17*6 

36*6 

1*07 

3*09 

•040 

•055 

17*0 

38*7 











NAME INDEX, 


Abel— 

Separation of carbide of iron, 37. 

Andrew— 

Action of caustic soda on mild steel, 140. 
Theory of hardening, 178. 

Andrews— 

Structure of iron, 30. 

Arnold, J. 0.— 

On the Arg and Arg changes in iron, 25. 
Separation of carbide of iron from steel, 
37. 

Constitution of martensite, 65. 

Troostite, 76. 

EflFect of carbon on the mechanical 
properties of steel, 95. 

Strength and structure of pearlite, 101. 
Sulphur in steel, llO, 113. 

Theory of hardening steel, 164. 

Carbides in special steels, 193. 

Nickehiron alloys, 194. 

Nickel-iron-carbon steels, 199. 

Tungsten steels, 209. 

Chemical constitution of manganese steel, 
227. 

Chemical constitution of chromium steel, 
234. 

Vanadium steel, 248. 


Baker— 

Silicon steels, 246. 

Barnes and M‘Willtam— 

Ultimate stress and Brinell hardness, 158. 
Barrett— 

Molecular changes in iron, 23. 

Resistivity of steels, 261. 

Batter— 

Sulphide enclosures. 111. 

Bedson— 

Wire-drawing, 134. 

Beilby— 

Deformation and strain-hardening, 125. 
Benedicks— 

On Aig change in iron, 25. 

Constitution of iron-carbon alloys, 43. 

“ Ferronite,'' 53. 


Benedicks— 

Constitution of martensite, 65. 
Constitution of austenite, 73. 

Electric resistivity and specific volume, 
75. 

Brinell test, 145. 

Bate of cooling, 180. 

Resistivity of iron, 260. 

Formula for resistivity of steel, 265. 
Bessemer— 

Nickel steel, 194. 

Bohler— 

Tungsten steel, 209. 

High-speed steel, 213. 

Bottone— 

Atomic volume and hardness of metals. 

161. 

Bottdard— 

Electrical resistance, 29. 

Boynton— 

Troostite, 76, 78. 

Bragg— 

Atoms in the molecule, 161. 

Brinell— 

Soundness of steel ingots, 86. 

Sulphur in. steel, 110. 

Hardness test, 145. 

Brown— 

Resistivity of steels, 261. 

Brxjnton— 

Heat-treatment of wire, 131. 
Wire-drawing, 134. 

Burgess and Kellberg— 

. Resistivity of iron up to 950® C., 261. 


Campbell— 

Carbide of iron, Fe 2 C, 58. 

Chemical composition and strength o. 
steel, 100. 

Quenching temperature and resistivity- 
267. 

Carnot— 

Chromium carbides, 234. 

Caron— 

Separation of carbide of iron, 37. 



276 


NAME INDEX. 


Carpenter, H. C. H.— 

On the Ara change in iron, 25. 
Recrystallising of electrolytic iron, 32. 
Freezing point of iron, 36. I 

Thermal transformations in iron-carbon 
alloys, 39. 

Constitution of austenite and martensite, 
72. 

Hardening of metals, 127. 

Theory of hardening steel, 176. 

Tungsten steels, 209. 

High-speed cutting steel, 219. 

Chromium steel, 237. 

Alummium bronze, 246. 

Cartaijd— 

Crystalline character of iron, 33. 
Caspersson— 

Position of blowholes in mgots, 86. 
Chappell— 

Recrystallisation of deformed iron, 128, 
131. 

Charpy— 

Dilatation, 29. 

Constitution of iron-carbon system, 43. 
Constitution of martensite, 73. 
Recrystallisation after deformation, 131. 
Cheever— 

Phosphorus, 104. 

Cttrie— 

Magnetic properties, 26. 


Dumas— 

Nickel steels, 201. 


Edwards— 

Microstructure of steel, 70. 

Crystal twinning by quenching, 72. 
Austenite and martensite, 74. 

Hardening of metals, 127. 

Theory of hardening, 176. 

Twinning of crystals, 172. 

Tungsten steels, 209. 

High-speed steels, 219. 

Chromium steels, 237 
Copper-aluminium bronzes, 246. 
Edwards, Greenwood, and Ktkkawa— 
Influence of initial temperature on 
chromium steels, 240. 

Ewen— 

Interorystalline cohesion of metals, 17. 
Ewing— 

Twinning and slip bands, 20. 

Deformation and strain-hardening, 125. 


FoJex— 

Magnetic properties, 27. 
Fournel— 

Electrical resistivity, 261. 


Fuchs— 

Crystalline structure of iron, 30. 


Giesen— 

Vanadium carbide, 249. 

Gilbert— 

Eflect of temperature on the properties 
of iron and steel, 23. 

Gledhill— 

High-speed steel, 213. 

Goerens— 

Influence of cold work and annealing on 
iron and steel, 131, 135. 

Gore— 

Internal changes in iron, 23. 

Goutal— 

Chromium carbides, 234. 

Grenet— 

Dilatation, 29, 73, 75. 

Theory of hardening steel, 170. 

' Depth of penetration of quenching effect, 
190. 

Guertler— 

Resistivity and constitution, 264. 
Guillaume— 

Nickel steels, 196. 

Guillet— 

Case-hardening, 141, 144. 

Nickel steel, 201. 

Tungsten steel, 209. 

Alummium and silicon steels, 210. 
Manganese steel, 231. 

Chromium steel, 244. 

Vanadium steels, 246. 

Gutowsky— 

Solidus of iron-carbon system, 39, 43. 


Hadfield, Sir Robert— 

Molecular formula of carbide of iron, 37. 
Method of producing sound ingots, 90. 
Hardness and other phj’^sical properties, 
159. 

Theory of hardenmg steels, 166. 
Nickel-iron alloys, 197. 

Tungsten-carbon steels, 209. 

Manganese steels, 231. 

Chromium steels, 234. 

Aluminium steels, 246. 

Resistivity of steels, 261. 

Harker— ' 

Specific heats of iron, 29. 

Hatfield— 

Ultimate stress and Brinell hardness 
158. 

Heyn—• 

Sulphide enclosures, HI. 

Rapid recrystallisation of iron, 131. 
Hopkins ON— 

Magnetic properties of nickel steel, 194. 
Resistivity of steel, 260. 



NAME INDEX. 


277 


Howe— 

Piping in steel ingots, 9. 

Burning and overheating, 117. 

Howe and Levy— 

Rates of cooling and carbon steels, 180. 
Hxjmfkey— 

Structure and properties of iron at high 
temperatures, 34. 

Theory of hardening, 177. 

Johnson— 

Resistivity of steels, 261. 

JUPTNER— 

Phosphorus, 104. 

Molecular condition of carbon in steel, 
266. 

Karsten— 

Carbide of iron, 36. 

Keeling— 

Thermal changes in iron-carbon alloys, 
39, 42, 

Kennedy— 

Carbide of iron, 68. 

Kikkawa— 

Clrromium steels, 237. 

Kirsch— 

Nickel steels, 196. 

Kourbatoff— 

Constitution of troostite, 76. 

Law— 

Sulphides in steel, 113. 

Le Chatelier— 

Constitution of iron-carbide alloys, 43. 
Martensite, 64. 

Austenite, 73. 

Volume change at Ar^, 75. 

Troostite, 76. 

Sulphur in steel, 113. 

Rapid recrystallisation of iron and mild 
steel, 131. 

High-speed cutting steel, 219. 

Ledebtte— 

Separation of carbide of iron from steel, 
37. 

Longmijir, P.— 

Wire-drawing, 131. 

Acid cleaning of cold drawn wire, 135. 
Corrosion of metals, 139. 

Lttdwik— 

Hardness testing, 149. 

Hardness at elevated temperatures, 161. 

M‘Cance— 

Constitution of Troostite, 76, 

Magnetic permeability, 78. 

Theory of hardening steels, 178. 

Molecular condition of carbon in steel, 
268-270. 


M‘William— 

Strength and structure of pearlite, 101. 
Martell— 

Hardness testing, 153. 

Law of volume of indent and energy oL 
blow in dynamic hardness test, 153. 
Mathews— 

Electrical resistivit 3 % 261. 

Matthiessen— 

Electrical resistivity, 261. 

Matweieff— 

Manganese and ferrous sulphides, 113. 
Metcalf— 

Theory of hardening, 166. 

Morris— 

Magnetic properties of iron, 27. 

Muller— 

Separation of carbide of iron, 37. 
Murakami— 

Chromium-iron-carbon alloys, 241. 


Osmond, F.— 

Transformation in iron and iron-carbon 
steels, 23. 

Interpretation of Arg change in iron, 24. 
Crystalline character of iron, 33. 

Effect of carbon upon thermal changes in 
iron, 37. 

Constitution of iron-carbon system, 39. 
Constitution of martensite and austenite, 
64. 

Austenite, 73. 

Troostite, 76. 

Theory of hardening steel, 164. 
Amorphous phase, 172. 

Effect of special elements on steel, 193. 
Iron-nickel alloys, 196. 

Nickel-iron-carbon steels, 200. 
Tungsten-carbon steels, 209. 
High-speed-cutting steels, 219. 

Chromium steel, 234. 

Percy— 

Crystalline structure of iron, 30. 
Phosphorus, 104. 

PORTEVIN— 

Electrical resistivity, 261, 265. 

pREESE— 

Resistivity of iron, 260. 

PUTZ— 

Vanadium carbide, 249. 

Read— 

Separation of carbides of iron from carbon 
steel, 37. 

Carbides in special steels, 193. 

Tungsten steels, 209. 

Manganese steels, 229. 

Chromium steels, 235. 

Vanadium steels. 249. 
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Richards— 

Physical properties of elements as peri¬ 
odic functions of their atomic weights, 
161. 

Riley— 

Nickel-iron alloys, 194. 

Rinman— 

Carbide of iron, 37. 

Robin— 

Rapid growth of ferrite on annealing 
after deformation, 131. 
Roberts-Aitsten— 

Cooling curve of iron, 24. 

Constitution of iron-carbon alloys, 37. 
Troostite, 76. 

Theory of hardening, 166. 

Rohl— 

Sulphides, 113. 

Roozeboom— 

Constitution of iron-carbon system, 39. 
Rosenhain, W.— 

Intercrystalline cohesion of metals, 17. 
Slip bands, 20. 

Structure and strength of iron at high 
temperatures, 34. 

Sulphur in steel, 113. 

Deformation and strain-hardening, 125. 
Amorphous state in metals, 127. 

Ruer— 

Constitution of iron-carbon system, 43. 


Saklatwalla— 

Constitution of iron-phosphorus alloys, 
104. 

Saldaxj— 

Electrical resistivity, 261. 

Sandburg— 

Sorbitic steel, 184. 

Saniter— 

Structure of iron at high temperatures, 
33. 

Saveur——• 

Growth of ferrite below its thermal 
critical point, 131. 

Schneider— 

Iron-phosphorus, 104. 

Shaw-Scott— 

Cementation of iron, 141 
Snelus— 

Segregation, 84. 

Stans field— 

Overheating and burning, 117* 


Stead, J. E.— 

Recrystallising of iron, 24. 

Internal structure of iron, 31. 

Electrolytic iron, 32. 

Intercrystalline segregation, 84. 

Blowhole segregation, 88. 

Phosphorus and iron, 104, 

Sulphur in steel, 115. 

Overheating and burning of steel, 118. 
Rapid recrystallisation of iron and mild 
steel, 131. 

Manganese carbide, 229. 

Electrical resistivity, 261. 

Stromeybr— . 

Ageing of mild steel. 140. 

Strouhal— 

Electrical resistivity, 261. 

Stubbs— 

Segregation, 84. 

SWINDEN— 

Tungsten steels, 209. 

High-speed cutting steels, 221. 

Electrical resistivity, 261. 


Tamm ANN— 

Hardening of metals, 126. 

Talbot— 

SoUdihcation of steel, 85, 94. 

Taylor— 

High-speed cutting steels, 214, 218. 
Tchernoef— 

Critical points and hardening of steel, 23, 
Thompson— 

Transport of electricity through metals^ 
259. 

Troost— 

Troostite, 76. 

Turner— 

Silicon steels, 246. 


Upton— 

Constitution of iron-carbide alloys, 42. 


Wahlberg— 

Brinell, 86. 

Waterhouse— 

Nickel steels, 199, 

Weiss— 

Magnetic properties, 27. 

Werth— 

Separation of carbide of iron, 37, 
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A 

Acid cleaning of steel, 139. 

Allotropy, 1. 

Allotropic changes in iron, 23. 

-metals, 1, 7. 

Alloys, Constituents in, 3. 

-freezing point diagrams of binary 

systems, 5. 

-ternary systems, 

9. 

-thermal critical points and ranges, 3. 

Alpha iron, 25. 

Aluminium, Effect of, on soundness of steel 
ingots, 88- 
-steel, 246. 

Amorphous phase in metals, 17. 

-on polished surface of metals, 15. 

-produced by deformation, 126. 

-quenching steels, 172, 

176. 

Annealed steels. Constituents in, 52. 
Annealing, .<?ee Refining, 121. 

Austenite, 62, 64. 

B 

Blowholes, 81, 88. 

Brinell test, 145. 

Diameter of indent and hardness 
number, 150. 

Influence of load, 148. 

-of time, 152. 

Relation between dynamic test and 
Brinell, 154. 

Ultimate stress and Brinell, 158. 


C 

Carbides in chromium steel, 234. 

-iron-carbon steels, 37. 

-manganese steels, 227, 

-nickel steels, 199. 

-tungsten steels, 209. 

—-vanadium steels, 248. 


Carbon, Graphitic, in steel, 95. 

-influence on properties of steel, 95. 

Carbon-iron alloys. Constitution of, 36. 

-Critical points in, 36. 

-Equilibrium diagram of, 36-50. 

Carbon-nickel steels, 199. 

Carbon steels. Constitution of annealed, 52. 

-quenched, 61. 

-Mechanical properties of, 95. 

-Microstructure of, 51. 

Case-hardening ordinary carbon steels, 
141. 

-nickel steel, 143. 

Cast steel. Refining of, 121-124. 
Cementation, see Case-hardening. 

Cementite, 57. 

-Decomposition of, 58. 

-Hardness of, 78. 

Chromium, carbides, 234. 

-Effect of varying rates of cooling on 

carbide change, etc., 238-241. 

-Self-hardening of, 237. 

-steels, 234. 

Chromium-tungsten steel, high-speed cut¬ 
ting tools, 214. 

-Microstructure of, 221. 

I-Tempering of, 216. 

Cold drawn wire, 134. 

Cooling curves, 39. 

Critical points in iron, 23 (Ara, Ara), 37. 

-in carbon steel, 37. 

-Effect of rapid cooling upon the 

temperature of, 170, 180. 


D 

Definition of constituents in steel, 51-78. 
Deformation of metals, 125. 

-slip bands, 126. 

-twin crystals, 130. 

Dynamic test — 

Indentation and Brinell number, 154. 

-and elastic rebound, 157, 

Martell’s law, 153. 
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E 

Electrical resistance and constitution, 259- 
272. 

Influence of other elements on resistivity 
of iron, 265. 

-of quenching temperature on 

resistivity of carbon steels, 262- 
267. 

Resistivity of iron, 260, 265. 
Electrolytic iron. Rapid recrystallisation of, 
32. 

Etching, 15. 

Eutectics, 3. 

Eutectoids, 3, 

-iron-carbon eutectoid, 44-47, 59. 


F 

Ferrite, 52. 

-Hardness of, 78. 

Fineness of structure, effect on properties 
of metals, 170. 


H 

Hardening of steel, theories, 164. 
-Alio tropic theory of, 164, 

169. 

-amorphous phase, 172, 175. 

-crystal twinning, 172, 176. 

-Lowering of Ar^ change, 

170, 238. 

-suppression of Ar^ change, 

170, 176, 238. 

Hardness and molecular attraction, 160. 

-and other physical properties, 162. 

-of micro-constituents of steel, 78. 

-testing, 145-163. 

Heat, Specific, of iron, 29 
Heating, prolonged. Influence of, see 
Overheating. 

Heat-treatment, burning and overheating 
of steel, 117-124. 

-high-speed cutting tools, 213-217. 

High-speed tool steel, 213. 

-Composition of, 214. 

-Cutting powers of, 218. 

-effect of initial temperature 

upon carbide change, 219. 

-hardness of annealed and 

hardened, 217. 

—-high-heat-treatment of, 

215. 

-Influence of tempering on, 

215. 

-microstructures, 221. 

-secondary treatment, 215. 

-red-hardness, 215. 

-Vanadium in, 218. 


Hydrogen, Absorption of, during acid 
cleaning of steel, 139. 

-by action of caustic soda, 

140. 

-Effect of, on critical point of iron, 25. 

-Influence of, on crystallisation of 

steel, 140. 

I 

Ingots, aluminium, manganese, and silicon. 
Influence of, 87. 

-blowholes, 86. 

-Blowhole segregation in, 88. 

-composition and soundness, 86. 

-Fluid compression of, 91. 

-gases. Effect of, during solidification, 

80. 

-intercrystalline segregation, 84. 

Ingots, Piping in, 81. 

-position of pipe and blowholes, 86. 

-segregation in steel, 84. 

-solidiiioation of steel, 79. 

Initial temperature and rate of cooling, 179- 
190. 

Carbon steels, 180. 

Chromium-carbon steels, 237-242. 
Nickel-chromium steels, 187. 

Other special steels, 187-192. 

Iron, 23. 

-Allotropic forms of, 23-26. 

-Cementation of, see Case-hardening. 

-Critical points in, 23-26. 

-Dilatation of, 28. 

-Electrical resistanoe of, 29. 

-Freezing point of, 36. 

-Magnetic properties of, 26. 

-Rapid recrystallisation of, 31-34, 131. 

-Strength of, at high temperatures, 34. 

Iron-carbide, 37. 

Iron-carbon alloys, see Carbon-iron alloys. 
Iron-phosphides, 104. 

Iron-sulphide, 110. 

L 

Ludwik test, 149. 

M 

Magnetic properties of iron, 26. 

Manganese, Carbide, 229. 

-Sulphide, 110. 

Manganese steels, 227. 

-Critical points in, 229. 

-Mechanical properties of, 231. 

Martensite, constitution, 62. 

-Hardness of, 78. 

Melting point, diagrams of alloys, 5-14, 

-diagram of iron-carbon system, 

39. 
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Molting point of iron, 36. 

■-of metals, 3. 

Microstructure of annealed steels, 52-61. ’ 

-high-speed steels, 188. 

-iron, 29. 

---metals, 15-22. 

-quenched steels, 61-78. 

Moulds, effect of size upon position of 
blowholes and pipes in ingots, 88. 


N 

Nickel-iron alloj^'s, infiuonco of nickel on 
critical points, 195. 

-magnetic properties, 194. 

-mecluinical properties, 196-198. 

-— reversible and irreversible alloys, 

195. 

Nickol-iron-carbon steels. Heat-treatment 
of, 196. 

--—_ Mechanical properties of, 199- 

208. 

Nitrogen in case-hardening, 142. 


0 

Overheating of steel, effect on structure and 
properties, 121. 

-— refilling of overheated steel, 

121 . 

Oxides reduced by manganese, 227. 


P 

Pearlite, constitution, 59. 

-—- (^’oarsening of, 60. 

— Borbitic, 61, 

Phase rule, 2, 165. 

Phosphorus, Effect of carbon, on solubility 
in iron, 106. 

-Effect of, on rate of crystal growth in 

steel, 109. 

-on temperature of critical 

points, 109. 

-equilibrium diagram of iron-phos- 

phonis system, 105. 

--iron-jihosphoms compounds, 104. 

—— Segregation of, in blowholes, 88. 
Pickling of iron and steel, see i^cid cleaning. 
Piping in steel ingots, 80. 


Q 

Quenched steel, Constitution of, 61. 

-Specific volume of, as compared 

with annealed, 75. 


Quenching, effect on critical points, 62, 
237. 

-Theory of, 62, 65. 

-Twinning of crystals produced by, 70. 


R 

Recalescence curves of iron, 23, 26. 

-chromium steel, 237. 

-high-speed steels, 220. 

-iron-carbon steels, 40. 

Red-shortness caused by sulphur, 110. 

-blowhole segregation of 

sulphur, 90. 

Refining of steel castings, 121. 

--overheated steel, 121. 

Ropes, Deterioration of, 130. 


S 

Segregation, 84. 

-blowhole segregation, 88. 

Mare sderoscope, 152-157. 

Silicon, Effect of, on soundness of steel 
ingots, 88. 

-steels, 246. 

Slip bands, or lines, 125. 

Solid solutions, 3. 

Sorbitic pearlite, 01. 

Special steels, 179. 

Strain-hardening, 125. 

Sulphur, Manganese and iron, 110, 115. 

-prints, 113. 

T 

Tempering of high-speed steels, 216. 

Tool eteol, see High-speed. 

Troostito, 76. 

Tungsten steels, 209. 

-— Constitution of, 210. 

Twin-crystals, 17. 

~— produced by mechanical strain, 131. 
---quenching, 70. 


V 

Vanadium in high-speed steel, 214. 

-carbides, 250. 

-steel, 248. 

W 

Wire, Acid cleaning of, 134, 139. 

-Cold-drawn, 134. 

-Galvanising, 138. 

-removal of hardness caused by cold 

work, 138, 
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